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Summary

Context

The zebrafish is an increasingly popular model organism in cardi-
ovascular research. Compared to mammalian animal models, the
zebrafish model offers the advantage of the ease of genetic manip-
ulation, the high replication rate, the lower cost and the transpar-
ency of zebrafish embryos allowing effective imaging at young age.
In order to fully exploit the potential of the zebrafish model organ-
ism and understand the mechanobiology of disease development in
this organism, advanced image-based phenotyping options as well as
(image-based) biomechanical phenotyping is (also) required for adult
zebrafish, complementing the battery of phenotyping options avail-
able during embryonic stages. The phenotyping options presented in
this dissertation can, for example, be applied in (zebrafish) research
related to drug induced cardiovascular toxicities, atherosclerosis, car-
diomyopathies, cardiac valves and heart regeneration but heritable
thoracic aortic diseases are the primary target disease. In zebrafish
models of heritable thoracic aortic disease, the bulbus arteriosus and
the ventral aorta are key structures of interest, showing similarities
to the human aortic root, ascending aorta and aortic arch.

The main objective of this dissertation is to explore whether inform-
ation on the zebrafish aortic biomechanics can be obtained via com-
puter models of the zebrafish ventral aorta and bulbus arteriosus. A
second, broader, objective is expanding the adult zebrafish cardiovas-
cular phenotyping options in general.

Part I - Background

Zebrafish as a model organism in cardiovascular research
The physiology of the adult zebrafish cardiovascular system is ad-
dressed and compared to the human cardiovascular system. Next,



Summary

the scientific literature on zebrafish models of cardiovascular devel-
opment, function and disease is summarized and heritable thoracic
aortic disease is discussed both from a human and zebrafish perspect-
ive.

Model-derived aortic biomechanics
Three different type of problems are considered: computational fluid
dynamics problems, computational solid mechanics problems and
fluid-structure interaction problems. Numerical simulation of aortic
biomechanics and derived biomechanical variables and mechanobiolo-
gical stimuli, including wall shear stress, are introduced and discussed
from a practical perspective.

Cardiovascular imaging in adult zebrafish
State-of-the-art zebrafish cardiovascular imaging research on histolo-
gical imaging, micro computed tomography imaging, high-frequency
echocardiography and magnetic resonance imaging is summarized.
All four of these techniques have been applied for adult zebrafish
imaging but in general, adult zebrafish cardiovascular imaging most
often relies on high-frequency echocardiography and histological ana-
lysis.

Part II - Cardiovascular imaging and biomechanical
modeling in adult zebrafish

Automated pulsed wave Doppler annotation and analysis
in adult zebrafish
A fully automated framework to process pulsed wave doppler (PWD)
adult zebrafish echocardiography measurements of ventricular in- and
outflow, allowing the evaluation of all cardiac cycles in a large num-
ber of recordings without operator-dependent inputs, is presented.
We applied this algorithm to a large number of ultrasound measure-
ments in both male and female wild-type adult zebrafish of varying
ages to validate the framework and we both confirm existing find-
ings and discuss previously unreported correlations, in particular re-
lated to the early wave of ventricular inflow and the regurgitation of
both ventricular in- and outflow. This framework can be used for
advanced, fast and unbiased phenotyping of zebrafish models of car-
diovascular disease and the reference measurement set provided in
this study can serve as a benchmark for future projects.
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Cardiovascular CT-imaging and 3D reconstruction in adult
zebrafish
Synchrotron phase contrast computed tomography imaging was se-
lected as the most promising technique to obtain accurate anatom-
ical and structural three-dimensional cardiovascular information of
the adult zebrafish, both for direct morphological phenotyping and
as starting point for numerical simulations. We found synchrotron
phase contrast micro computed tomography imaging at 21.8 keV
beam energy, 250 mm object-detector distance and isotropic voxel
size of 1.625 µm3 to provide accurate two-dimensional (2D) informa-
tion and three-dimensional (3D) reconstructions of key cardiovascu-
lar structures such as the atrium, ventricle, bulbus arteriosus, vent-
ral aorta and dorsal aorta. Decalcification of the sample prior to
imaging and the use of Paganin phase retrieval during the image
reconstruction further improve image quality and facilitate segment-
ation of the resulting image stacks. Based on these modalities, major
cardiovascular structures such as the ventricle and bulbus arteriosus
can be segmented largely automatically and also structures such as
the ventral aorta and afferent branchial arteries can be 3D recon-
structed after combining several manual and automated operations.
Automated segmentation of (small) luminal structures is possible if
corrosion casting or contrast-enhanced casting is performed prior to
the computed tomography scanning.

Fluid dynamics and biomechanics of the ventral aorta in
adult zebrafish
Phenotyping of cardiovascular structure and function extends beyond
(anatomical and functional) imaging, and should also address bio-
mechanical factors as indicators of aortic disease and as intrinsic com-
ponents of the mechanobiological environment within which patho-
physiological processes take place. Wall shear stress, i.e., the shear
stress exerted by the blood flow on the endothelial cells that line the
vessel wall, as well as the stress inside the vessel wall are key metrics.

We show that modeling of the cardiovascular fluid dynamics and
biomechanics in adult zebrafish is feasible. Synchrotron imaging
provides accurate three-dimensional reconstructions of the main
cardiovascular structures, which is complemented by high-frequency
ultrasound measurements to provide additional information on
in vivo blood flow characteristics. This study provides the first
reference values for multiple key biomechanical stimuli in wild-type
adult zebrafish, including wall shear stress and first principal stress.
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This way, biomechanical phenotyping in zebrafish is no longer limited
to the developing stages, as earlier reported, and also progressive or
late onset conditions and phenotypes can be investigated.

Biomechanics and fluid dynamics of the bulbus arteriosus
in adult zebrafish: an FSI proof-of-concept
Next to investigations of the aorta, the (patho)physiology of the bul-
bus arteriosus in zebrafish is interesting from a translational view-
point, particularly for heritable thoracic aortic disease research. The
position of the bulbus, directly downstream of the ventricle, is similar
to the location of the aortic root in mammals, the latter providing the
largest contribution to the buffering capacity of the arterial tree. In
this chapter, two proof-of-concept (preliminary) fluid-structure inter-
action studies are reported. Both idealized 2D axi-symmetric geomet-
ries and synchrotron imaging-based 3D geometries as well as different
constitutive relations to mimic the structural behavior of the bulbar
wall are considered. Rather than providing accurate simulation res-
ults at this preliminary stage, the two presented proof-of-constant
studies demonstrate the feasibility of biomechanical modeling of the
bulbus arteriosus but also identify (important) current limitations.

Part III - Overall discussion

Overall discussion
The contribution to the state-of-the-art of this dissertation is sum-
marized and discussed from a general perspective. Applications,
clinical relevance limitations and future perspectives of the presen-
ted work are addressed explicitly and a short take home message is
provided.

xiv



Samenvatting

Context

Zebravissen worden steeds populairder als modelorganisme in cardi-
ovasculair onderzoek. In vergelijking met zoogdieren is de genetische
manipulatie van zebravissen gemakkelijker, plant de zebravis zich
sneller en in groter getale voort en zijn de algehele kosten beperkter.
Een bijzonder groot voordeel is bovendien dat zebravissen tijdens de
ontwikkeling optisch transparant zijn, wat het gebruik van krachtige
beeldvormingstechnieken toelaat tijdens de eerste dagen van de
ontwikkeling. Geavanceerde cardiovasculaire fenotyperingsopties
gebaseerd op adequate beeldvormingstechnieken en biomechanische
modellering zijn noodzakelijk om het potentieel van de zebravis
als modelorganisme optimaal te benutten. Volwassen zebravissen
zijn echter niet langer (optisch) transparant en de huidige opties
voor cardiovasculaire fenotypering van volwassen zebravissen zijn
beperkt. De fenotyperingsopties die in dit proefschrift aan bod ko-
men kunnen, bijvoorbeeld, toegepast worden in (zebravis)onderzoek
gerelateerd aan atherosclerose, cardiomyopathie, hartkleppen en
cardiovasculaire regeneratie maar zijn in het bijzonder relevant
in het onderzoek naar erfelijke thoracale aorta aandoeningen. De
beeldvorming en fenotypering van de bulbus arteriosus en ventrale
aorta van de zebravis zullen de meeste aandacht krijgen doorheen dit
proefschrift, aangezien deze structuren gelijkenissen vertonen met de
aortawortel en aortaboog in de mens en belangrijke cardiovasculaire
manifestaties bij erfelijke thoracale aorta aandoeningen net optreden
ter hoogte van de (humane) aortawortel en aortaboog.

Het voornaamste doel van dit proefschrift is onderzoeken of en welke
biomechanische informatie van de ventrale aorta en bulbus arteriosus
in de zebravis kan worden bekomen via computersimulaties. Het
uitbreiden van de opties voor de cardiovasculaire fenotypering van
volwassen zebravissen in het algemeen is een bijkomend, breder doel.



Samenvatting

Deel I - Achtergrond

Het zebravis modelorganisme in cardiovasculair onderzoek
De fysiologie van het cardiovasculair system in volwassen zebravis-
sen wordt besproken en vergeleken met het cardiovasculair system
van de mens. Vervolgens wordt de wetenschappelijke literatuur over
zebravismodellen van de cardiovasculaire ontwikkeling, cardiovascu-
laire functie en cardiovasculaire aandoeningen samengevat. Erfelijke
thoracale aorta aandoeningen worden afzonderlijk besproken, waarbij
de vergelijking met de mens nadrukkelijker wordt gemaakt.

Model-gebaseerde biomechanica van de aorta
Drie verschillende soorten computationale problemen komen aan bod
in dit hoofdstuk: vloeistofdynamica problemen, vaste stof mechan-
ica problemen en vloeistof-structuur interactie problemen. Numer-
ieke simulaties van de biomechanica in de aorta en afgeleide bio-
mechanische variabelen en mechano-biologische stimuli, waaronder
wandschuifspanning, worden geintroduceerd en besproken vanuit een
praktisch oogpunt.

Cardiovasculaire beeldvorming in volwassen zebravissen
Het meest recente onderzoek over cardiovasculaire beeldvorming in
volwassen zebravissen op basis van histologie, micro computed tomo-
graphy, (hoogfrequentie) echocardiografie en magnetic resonance
imaging, wordt samengevat. Elk van deze vier beeldvormingstech-
nieken wordt toegepast in zebravissen maar echocardiografie en
histologie worden algemeen beschouwd veruit het meest toegepast
voor cardiovasculaire beeldvorming in volwassen zebravissen.

Deel II - Cardiovasculaire beeldvorming en
biomechanische modellering in volwassen zebravissen

Automatische pulsed wave Doppler ultrageluid
karakterisatie en analyse in volwassen zebravissen
Een algoritme om pulsed wave Doppler ultrageluid metingen van
de ventriculaire bloed in- en uitstroom in volwassen zebravissen
volledig automatisch te verwerken werd ontwikkeld. De verwerking
en analyse van een groot aantal metingen, telkens gebaseerd op een
groot aantal cardiale cycli, is mogelijk zonder operator-afhankelijke
invoer. Het ontwikkelde algoritme werd ter validatie toegepast
op een groot aantal pulsed wave Doppler ultrageluid metingen
van zowel mannelijke als vrouwelijke wild-type zebravissen van
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verschillende leeftijden die ook manueel geanalyseerd werden. Eerder
gerapporteerde verbanden tussen parameters die de ventriculaire
in- en uitstroom karakteriseren werden bevestigd maar ook nieuwe
verbanden werden gevonden en besproken, in het bijzonder gere-
lateerd aan de regurgitatie van de ventriculaire in- en uitstroom.
Het algoritme kan gebruikt worden voor geavanceerde, snelle en
operator-onafhankelijke fenotypering van zebravis modellen van
verschillende cardiovasculaire aandoeningen. Een uitgebreid aantal
pulsed wave Doppler ultrageluid metingen wordt, samen met de
automatische verwerking ervan, ter beschikking gesteld en kan
dienen als referentie dataset voor toekomstige studies.

Cardiovasculaire CT beeldvorming en 3D reconstructie in
volwassen zebravissen
Synchrotron fase-contrast computed tomography beeldvorming
werd geselecteerd als de meeste geschikte beeldvormingstechniek
voor het onderzoeken van nauwkeurige anatomische en structurele
driedimensionale cardiovasculaire aspecten in volwassen zebravissen.
We gebruiken synchrotron beeldvorming in dit proefschrift zowel
voor rechtstreekse morfologische fenotypering als voor numerieke
simulaties op basis van nauwkeurige, zebravis-specifieke, driedimen-
sionale anatomische data. Synchrotron fase-contrast micro computed
tomography beeldvorming gebruik makende van stralingsenergie
van 21.8 keV, een afstand van 250 mm tussen het object en de
detector en een isotropische voxelgrootte van 1.625 µm3 resulteert
in nauwkeurige tweedimensionale informatie en driedimensionale
reconstructions van belangrijke cardiovasculaire structuren zoals
het atrium, het vetrikel, de bulbus arteriosus, de ventrale aorta
en de dorsale aorta. Decalcificatie van het monster voorafgaand
aan de synchrotron beeldvorming en het gebruik van (Paganin)
faseherstel tijdens de beeldreconstructie resulteren in de beste
beeldkwaliteit en verbeteren de (automatische) segmentatiemo-
gelijkheden. Cardiovasculaire structuren zoals het ventrikel en de
bulbus arteriosus kunnen grotendeels automatisch gesegmenteerd
en driedimensionaal gereconstrueerd worden. Een driedimensionale
reconstructie van de ventrale aorta is ook mogelijk maar vereist meer
manuele operaties, in het bijzonder voor een accurate segmentatie
van de vertakkingen. Snelle, geautomatiseerde segmentatie en
driedimensionale reconstructie van (kleine) bloedholtes is mogelijk
door scannen van vasculaire afgietsels of in situ vasculaire gietsels
met een contrast-verhogend medium met computed tomography
beeldvorming.

xvii



Samenvatting

Vloeistofdynamica en biomechanica van de ventrale aorta
in volwassen zebravissen
Fenotypering van de cardiovasculaire structuur en functie gaat
verder dan de directe fenotypering op basis van verschillende
beeldvormingstechnieken. Ook biomechanische factoren dienen
onderzocht te worden om het ontstaan en het verlopen van
cardiovasculaire aandoeningen goed te kunnen onderzoeken. De
biomechanische stimuli zijn intrinsiek verweven met de mechano-
biologische context waarbinnen de pathofysiologische processen
plaatsvinden. De schuifspanning uitgeoefend door de bloedstroom
op de endotheelcellen van de weefselwand wordt wandschuifspanning
genoemd. Wandschuifspanning is samen met de spanning binnenin
de weefselwand een zeer belangrijke biomechanische parameter.

We hebben aangetoond dat modellering van de cardiovasculaire
vloeistofdynamica en biomechanica mogelijk is in volwassen
zebravissen. Synchrotron beeldvorming kan gebruikte worden om
nauwkeurige (zebravis-specifieke) driedimensionale reconstructies te
bekomen en (hoogfrequentie) echocardiografie kan in vivo informatie
over de karakteristieken van de bloedstroom leveren. Deze studie
rapporteert de eerste referentiewaarden voor verschillende bio-
mechanische stimuli in volwassen wild-type zebravissen waaronder
wandschuifspanning en de spanning in de weefselwand. Dankzij dit
onderzoek is de biomechanische fenotypering niet langer beperkt tot
de vroege ontwikkelingsstadia van de zebravis maar is fenotypering
van progressieve cardiovasculaire aandoeningen en aandoeningen die
pas op latere leeftijd optreden nu ook mogelijk.

Biomechanica en vloeistofdynamica van de bulbus
arteriosus in volwassen zebravissen: een proof-of-concept
op basis van vloeistof-structuur interactie simulatie
Naast de studie van (ventrale) aorta is de (patho)physiologie van
de bulbus arteriosus bijzonder interessant vanuit een translation-
eel oogpunt, in het bijzonder in onderzoek naar erfelijke thoracale
aorta aandoeningen. De anatomische positie van de bulbus, meteen
stroomafwaarts van het ventrikel, is gelijkaardig aan de positie van
de aortawortel in zoogdieren. De aortawortel levert de belangrijkste
bijdrage tot de buffercapaciteit (Windkessel effect) van het arter-
ieel netwerk. In zebravissen levert de bulbus arteriosus een cruciale
bijdrage tot deze bufferwerking. In dit hoofdstuk worden de voor-
lopige resultaten van twee proof-of-concept vloeistof-structuur inter-
actie studies voorgesteld. Zowel tweedimensionale axi-symmetrische
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modellen als driedimensionale modellen gebasseerd op synchrotron
beeldvorming komen aan bod, net zoals verschillende constitutieve
relaties om het (materiaal)gedrag van de bulbus te modelleren. Deze
proof-of-concept studies leveren op dit moment nog geen bruikbare
kwantitatieve data op maar demonstreren wel dat de biomechanische
modellering van de bulbus arteriosus mogelijk is. De belangrijkste
beperkingen van de huidige modellen worden besproken.

Deel III - Algemene discussie

Algemene discussie
De toegevoegde wetenschappelijke waarde van dit proefschrift wordt
samengevat en besproken vanuit een overkoepelend oogpunt. Ver-
schillende toepassingen, de klinische relevantie, limitaties en toekom-
stperspectieven van dit onderzoek worden expliciet aangekaart, en er
wordt afgesloten met een korte conclusie
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Abbreviations

2D two-dimensional

3D three-dimensional

4D four-dimensional

AET aortic ejection time

B-mode brightness mode

bpm beats per minute

CFD computational fluid dynamics

CSM computational solid mechanics

CT imaging computational tomography imaging

dpf days post fertilization

EtOH ethanol

FSI fluid structure interaction

HTAD heritable thoracic aortic disease

HTADs heritable thoracic aortic diseases

M-mode motion mode

MRI magnetic resonance imaging

OSI oscillatory shear index

PWD pulsed wave doppler

PWV pulse wave velocity

TAWSS time-averaged wall shear stress

US imaging ultrasound imaging

WSS wall shear stress
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Context

1.1 Introduction

The aim of this research is to contribute to a more comprehensive
understanding and better treatment of several human cardiovascu-
lar pathologies through a deeper understanding of the cardiovascular
system of the zebrafish. Before explaining the clinical rationale in
more detail, two important terms, occurring in the title of the thesis,
are discussed.

Phenotyping refers to determining, analyzing and describing an or-
ganism’s characteristics. Such a characteristic or phenotype can be
the result of an organism’s genotype, i.e., its genetic constitution or
material, or environmental, i.e., external, factors. Certain pheno-
types are easy to observe, for example the eye-color of a person.
Many cardiovascular disease associated phenotypes require advanced
(imaging) techniques for studying and reporting.

Modeling refers to mimicking a real-life situation. In life sciences
the phrase model organism or animal model indicates the use of an
organism, e.g., the zebrafish, to study aspects of human physiology
or pathophysiology. In engineering on the other hand the phrase
computational modeling, as used in the title of this dissertation, refers
to numerical simulations run on a computer to solve a mathematical
representation of a real-life situation.
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1.2 Clinical rationale

1.2.1 Target diseases: heritable thoracic aortic disease
(HTAD)

The primary target diseases are a heterogeneous group of diseases
referred to as heritable thoracic aortic disease (HTAD). The common
denominator in HTAD are the clinical manifestations in the aortic
wall, increasing the risk of aortic aneurysm, dissection and rupture.

Our understanding of several (human) disease mechanisms in HTAD
has notably improved over the past decades but several aspects re-
main elusive. A number of causal genes are identified but our com-
prehension of, for example, the genotype-phenotype correlations is
incomplete. Numerous (genetic) variants of uncertain significance
also require further research. Several cardiovascular phenotypes in
HTAD may be subtle initially but can worsen progressively, and life-
long follow up is needed. Treatment of HTAD mainly consists of
preventing (often fatal) aortic dissection. Medical treatment aimed
at slowing aortic growth and (preferably prophylactic) surgical inter-
vention constitute the main treatment options. Exploratory studies
involving, a.o., multiple genes, genetic pathways and drug treatments
are needed. More background information on HTAD is provided in
2.5.

1.2.2 Cardiovascular biomechanics and computational
modeling

Mechanobiology is the field of science investigating how mechanics
trigger responses at molecular, cellular and/or tissue level, including
the impact on (e.g.) development and (patho)physiology [1]. Know-
ledge of the cardiovascular mechanics, often referred to as cardiovas-
cular biomechanics, is thus required to obtain a comprehensive un-
derstanding of the (patho)physiological processes inside our body [2].
In HTAD, biomechanics play an important role in the development
and progression of aortic manifestations [3, 4].

Computational modeling (numerical simulation) is often used to
quantify and substantiate cardiovascular biomechanics because
experimental measurement of cardiovascular biomechanics, for
example experimental measurement of the mechanical stresses
experienced by the cardiovascular system, is often not feasible. More
background information on cardiovascular numerical simulations is
provided in Chapter 3.
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1.2.3 Fully exploiting the zebrafish model organism
Animal models in general are useful to improve our understanding of
human cardiovascular disease. Genetics diseases can be replicated in
animals, external factors can be mimicked and experimental studies
involving different treatment options, for example, certain drugs, are
possible. The zebrafish has several important advantages compared
to other animal models used in cardiovascular research, such as mice,
being for example the ease of genetic manipulation, the high replic-
ation rate, the lower cost and the transparency of zebrafish embryos
allowing effective imaging.

The zebrafish is ideally suited as a first-line animal model. Explorat-
ory studies involving multiple genes, genetic pathways and drug treat-
ments can be performed time- and cost-effectively using the zebrafish
model organism, ultimately decreasing the time from bench to bed-
side.

A crucial challenge is to evaluate the clinical relevance of developed
(genetically engineering) zebrafish disease models adequately. An
extensive and advanced cardiovascular phenotyping toolbox for
zebrafish is needed. The optical transparency of developing zebrafish
enables powerful in vivo microscopy imaging, allowing advanced
functional and structural cardiovascular phenotyping. Starting
from the in vivo imaging data, a number of reports on (numerical
simulations of) early stage zebrafish cardiovascular biomechanics are
also available (e.g., [5–7]).

Adult zebrafish are no longer transparent and microscopy imaging
generally has to be replaced by techniques such as magnetic resonance
imaging (MRI), computational tomography imaging (CT imaging) or
ultrasound imaging (US imaging) to obtain 3D and or in vivo imaging
data. In a murine or human setting, MRI, CT imaging or US imaging
can provide powerful 3D and sometimes also four-dimensional (4D)
(space+time) cardiovascular data. In adult zebrafish, this kind of
data is much more difficult to obtain due the small cardiovascular di-
mensions as well as the need for water perfusion to keep the zebrafish
alive during in vivo imaging. Anatomical cardiovascular information
in adult zebrafish is in most reports based on histochemistry only and
functional cardiovascular information is often limited to PWD or 2D
echocardiography.

Overall, options to investigate cardiovascular phenotypes in the adult
zebrafish, especially 3D, subtle and/or progressive phenotypes, are

3
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currently very limited. Reports on (numerical simulations of) car-
diovascular biomechanics in adult zebrafish are completely lacking.
This dissertation aims to fill these knowledge gaps which would allow
to evaluate the clinical relevance of zebrafish (HTAD) models more
adequately.

The bulbus arteriosus and ventral aorta of the adult zebrafish will
receive most attention throughout this dissertation. The combina-
tion of the bulbus arteriosus, a fish-specific structure in between the
ventricle and the ventral aorta, and the ventral aorta itself share
similarities with the human aortic root, ascending aorta and aortic
arch.

The phenotyping options developed and studied in this dissertation
are also relevant beyond HTAD, for example in (zebrafish) research
related to drug induced cardiovascular toxicities, atherosclerosis,
cardiomyopathies, cardiac valves and heart regeneration. From a
broader perspective, this research is also a starting point for future
research involving other organs and model organisms of similar
length scales.

1.3 Objectives

The key objective of this dissertation is to apply computational tools
for a biomechanical characterization of the zebrafish ventral aorta
and bulbus arteriosus. A second, broader, objective is expanding the
adult zebrafish cardiovascular phenotyping options in general.

This dissertation does not describe the (genetic) development of
zebrafish models of cardiovascular disease. Instead, this dissertation
presents new techniques to (biomechanically) characterize zebrafish
disease models at adult stages.

1.4 Outline

After this introductory chapter, this dissertation is structured into
three parts. In Part I of this thesis, background information is
provided through three chapters. Chapter 2 describes the zebrafish
model organism, especially focusing on cardiovascular research. Im-
portant aspects such as the organization of the cardiovascular system
and HTAD are both discussed from a human and zebrafish perspect-
ive. Next, Chapter 3 introduces biomechanical modeling and numer-
ical simulations of arterial mechanics and fluid dynamics. Chapter

4



1.5. Publications related to this dissertation

4 summarizes different cardiovascular imaging techniques in adult
zebrafish. The general imaging principles are mentioned concisely
and state-of-the-art zebrafish research is discussed.

The original research is presented in Part II of this thesis and com-
prises four chapters. In the first of these chapters, Chapter 5, a frame-
work to automatically analyze (a large number of) cardiac cycles in
adult zebrafish PWD ultrasound recordings is provided. Also an
in-depth analysis of the (correlations between) different PWD para-
meters is performed.

In Chapter 6, (synchrotron) micro-CT imaging is used to visualize key
cardiovascular structures in adult zebrafish. Several effects, ranging
from the sample preparation over parameter settings of the actual
scans to different reconstruction methods, are investigated. Cardi-
ovascular structures of interest are segmented and 3D reconstructed.

In Chapter 7, these 3D reconstructed geometries are used as input
for numerical simulations. Both computational fluid dynamics (CFD)
and fluid structure interaction (FSI) simulations of the ventral aorta
are included in this study. These simulations provide maps of for ex-
ample wall shear stress and first principal stress inside the vessel wall.
In Chapter 8, the bulbus arteriosus is studied, again using numerical
simulations. Both idealized (2D axi-symmetric) geometries and 3D
synchrotron based geometries are considered in proof-of-concept FSI
simulations.

Finally, an overall discussion forms Part III. Next to the technical
achievements, special attention is paid to the clinical relevance and
future perspectives of the presented research.

1.5 Publications related to this dissertation

A1 Peer-reviewed publications
• Fluid-structure interaction modeling of the aortic hemodynam-

ics in adult zebrafish : a pilot study based on synchrotron x-
ray tomography (Van Impe, M., Caboor, L., Deleeuw, V.,
Olbinado, M., De Backer, J., Sips, P. and Segers, P., IEEE
TRANSACTIONS ON BIOMEDICAL ENGINEERING, 2023)
[8].
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• Application of an automated analysis framework for pulsed-
wave Doppler cardiac ultrasound measurements to generate
reference data in adult zebrafish (Van Impe, M., Caboor,
L., Deleeuw, V., De Rycke, K., Vanhooydonck, M., De
Backer, J., Segers, P. and Sips, P., AMERICAN JOURNAL
OF PHYSIOLOGY REGULATORY INTEGRATIVE AND
COMPARATIVE PHYSIOLOGY, 2023) [9].

• Corrosion Casting of the Cardiovascular Structure in Adult
Zebrafish for Analysis by Scanning Electron Microscopy and
X-ray Microtomography (De Spiegelaere, W., Caboor, L., Van
Impe, M., Boone, M., De Backer, J., Segers, P. and Sips, P.,
ANATOMIA HISTOLOGIA EMBRYOLOGIA, 2020) [10].

• From Corrosion Casting to Virtual Dissection: Contrast-
enhanced Vascular Imaging Using Hafnium Oxide Nanocrystals.
(Goossens, E., Deblock, L., Caboor, L., Van den Eynden, D.,
Josipovic, I., Reyes Isaacura, P., Maksimova, E., Van Impe,
M., Bonnin, A., Segers, P., Cornillie, P., Boone, M., Van
Driessche, I., De Spiegelaere, W., De Roo, J., Sips, P. and De
Buysser, K., SMALL METHODS, 2024) [11].

Under review and available as preprint
• Early mechanisms of aortic failure in a zebrafish model for

thoracic aortic dissection and rupture. (Vanhooydonck, M.,
Verlee, M., Silva, M. S., Pottie, P., Boel, A., Van Impe,
M., De Saffel, H., Caboor, L., Tapaneeyaphan, P., Bonnin,
A., Segers, P., De Clercq, A., Willaert, A., Syx, S., Sips, P. and
Callewaert, B., bioRxiv, 2024) [12].

• Systematic disruption of zebrafish fibrillin genes identifies a
translational zebrafish model for Marfan syndrome. (De Rycke,
K., Horvat, M., Caboor, L., Vermassen, P., De Smet, G.,
Santana Silva, M., Steyaert, W., Van Impe, M., Segers, P.,
De Backer, J., Sips, P., bioRxiv, 2025) [13].
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2
Zebrafish as a model organism

in cardiovascular research

2.1 Introduction

This chapter provides background information on the zebrafish model
organism focusing on cardiovascular research in particular. Key as-
pects and distinctive traits of the zebrafish model compared to other
animal models are listed in Section 2.2. The physiology of the adult
zebrafish cardiovascular system is described and compared to the
human cardiovascular system in Section 2.3. Next, the scientific lit-
erature on zebrafish models of cardiovascular development, function
and disease is summarized in Section 2.4. As HTAD are the primary
target diseases in this dissertation, a separate section, Section 2.5
is used to discuss HTAD in the zebrafish as well as in humans. A
summary of HTAD zebrafish disease models is included.

2.2 The zebrafish model organism

Various animal models have undeniably played, and still play, an
important role in our basic understanding of human physiology,
pathophysiology and drug discovery [14–17]. The last decades, the
zebrafish (Danio rerio) emerged as a versatile small animal model to
study a wide range of (patho)physiological conditions [18–21].

Most human organs and anatomical structures are conserved in the
zebrafish. Moreover, the genes and pathways to grow and regulate
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these features are highly conserved between humans and zebrafish
[22], making the zebrafish suited to study diseases related to these
body parts. Mammary glands, prostate, uterus and placenta are the
only exception that are specific to mammals and cannot be studied in
zebrafish. In general, numerous successful reports of disease modeling
in zebrafish are available, for example in neuroscience [23–25] and
cancer research [26, 27]. Zebrafish models of cardiovascular disease
are discussed separately in Section 2.4.

The zebrafish is very suited to study human genetic disorders [28–31].
Zebrafish eggs, which are laid and fertilized externally, are easily
accessible for genetic manipulation and develop rapidly. Four major
growth periods can be defined and are visualized in Figure 2.1: the
embryonic (0-3 days post fertilization; dpf), larval (3-30 dpf), juvenile
(30-90 dpf) and adult stage (90 dpf onwards).

Figure 2.1: Images (not scaled) of the zebrafish from the embryonic (left)
to the adult stage (right). The adult zebrafish reaches approximately 3
cm in length and the total lifespan varies around 3 years. dpf: days post
fertilization. Images adapted and combined from [32] and [33].

CRISPR/Cas9 technology, an efficient gene editing technique,
is routinely used at this point and has boosted zebrafish re-
search [34, 35]. In mammals such as mice, genetic manipulation,
using for example CRISPR/Cas9 technology, is more challenging
and more expensive. Gene editing in zebrafish is efficient and the
effects of the manipulation are rapidly observable.

Another attractive characteristic of zebrafish is their transparency
at embryonic and early larval stages, especially considering the ac-
cessibility of the externally laid and developing zebrafish eggs. Using
transgenic zebrafish lines which express fluorescent reporter genes in
specific cell types, targeted tissue structures can be visualized in vivo
at high resolution throughout development using fluorescence micro-
scopy [36,37], something which is impossible to achieve in mammals
at this point. Zebrafish are also very valuable in drug screening re-
search as they represent a complete and complex biological system
of different cell types and organ structures (aspects that cannot be
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modeled in cultured cells), while retaining the high-throughput po-
tential [38–40].

Zebrafish, being a vertebrate, are evolutionary more similar to hu-
mans compared to animal models such as the Caenorhabditis elegans
nematode and the fruit fly (Drosophila) which also exhibit several of
the attractive characteristics mentioned above.

In section 2.3 the zebrafish cardiovascular system will be discussed
including the major differences compared to the human system. On
the other hand, advantages of zebrafish compared to mammals also
include the ability to comfortably house a much larger number of
animals at relatively small spaces, with lower maintenance, lower
overall cost and much higher fecundity. Also from an ethical view-
point, the use of zebrafish is preferred over mammals and up to 5
dpf zebrafish are not considered as laboratory animals by the legisla-
tion [41, 42]. Note that the advantages mentioned in this paragraph
also favor the mouse when compared to larger mammal animal mod-
els. In zebrafish, these advantages are far more pronounced, even
compared to mice. For example: a mouse breeding couple can pro-
duce approximately 10 litters of typically 6 but sometimes more pups
per year, while one zebrafish breeding pair is able to produce hun-
dreds of embryos every 1-2 weeks.

A complete replacement of other animal models by zebrafish is cer-
tainly not feasible. Instead, zebrafish should be viewed as a verteb-
rate first-line screening option, complementing mammals and ideally
suited to efficiently form and test hypotheses on, e.g., disease mech-
anisms and drug effects, before resorting to mammal animal models
which are more time- and resource-consuming.

2.3 The cardiovascular system in zebrafish and humans

2.3.1 The human cardiovascular system
First, to allow comparisons with the zebrafish cardiovascular system,
the human cardiovascular circulation is introduced. In humans as
well as in other mammals and birds, the heart consists of four cham-
bers: the left ventricle, the right ventricle, the left atrium and the
right atrium. The two atria receive blood that enters the heart while
the ventricles are structurally more muscular and pump the blood
out of the heart. Two circuits or circulations are present in the hu-
man cardiovascular system, each with its own ventricle and atrium:
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the pulmonary circulation and the systemic circulation. A visual
presentation is provided in Figure 2.2.

Two large veins, the superior vena cava and the inferior vena cava,
collect venous blood from different body parts and drain into the
right atrium. The right ventricle then pumps the blood through the
pulmonary artery to the lungs. Oxygenated blood returns to the
heart via pulmonary veins into the left atrium. This circulation is
called the pulmonary circulation.

From the left atrium, blood is transferred to the left ventricle and
is pumped to the aorta and distributed all over our body through
arteries. Eventually, blood reaches the capillaries which connect the
smallest arteries and smallest veins. The capillaries deliver oxygen
and nutrients to the cells constituting the different organs. Larger
veins collect the venous blood throughout our body and eventually
drain into the right atrium, as described earlier. This second circuit
is called the systemic circulation.

The aorta is the largest artery and the part of the aorta from the
aortic root to the diaphragm is called the thoracic aorta. Distal
to the diaphragm, the abdominal aorta begins. The thoracic aorta
is arched and consists of an ascending (from the aortic root to the
aortic arch) and descending (from the aortic arch to the diaphragm)
part.

On a macrostructural level, three layers are commonly identified in
the wall of arteries: the intima, media and adventitia. Key micro-
structural constituents of the vessel wall are endothelial cells, vas-
cular smooth muscle cells, fibroblasts and the extracellular matrix
(ECM). Endothelial cells do not have any load-bearing function but
act as a selective barrier and also have important sensing and signal-
ing functions. Vascular smooth muscle cells regulate the aortic dia-
meter actively and are steered by the autonomous nervous system.
Smooth muscle cells are also involved in elastin synthesis (predom-
inantly during late embryonic development [43]) as well as collagen
synthesis (and extracellular matrix synthesis in general) [44]. Elastin
and collagen are constituents of the ECM and are load-bearing ele-
ments in large elastic arteries. Elastin is organized in concentric
sheets or lamellae, alternating in between layers of smooth muscle
cells. Elastin fibers are load-bearing both in the axial and circumfer-
ential direction [45].
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Figure 2.2: Top: schematic illustration of the human cardiovascular sys-
tem (pulmonary circulation and systemic circulation). The blue color indic-
ates deoxygenated blood, the red color indicates oxygenated blood. Bottom:
a more detailed schematic of the human heart. Images adapted from [46]
(top) and qcg.com.au (bottom).
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Collagen ensures high-load resistance of the arterial wall. The colla-
gen fibers do not bear any load until they are stretched completely
(without any load, collagen fibers are coiled up). Collagen fibers are
only load-bearing along the direction of the fibers. A visual present-
ation of the arterial wall structure and organization is provided in
Figure 2.3.

Figure 2.3: 2D (left) and 3D (middle and right) illustration of the arterial
wall structure. The three major vessel wall layers being the intima, media
and adventitia as well as major constituents are indicated. Adapted from
[47].

Whereas the same macroscopic three-layered structure is found both
in elastic arteries, muscular arteries and veins, the lumen size, wall
thickness and wall composition vary greatly between these different
vessels. The arterial walls are thicker than venous walls given the
higher pressure load. Elastin is predominantly present in elastic ar-
teries being the arteries closest to the heart, such as the aorta. The
thick-walled elastic arteries convert the pulsatile blood flow ejected
from the heart into a slower, low-pressure and continuous capillary
blood flow. The crucial buffering function of elastic arteries is also
called Windkessel function.

2.3.2 The zebrafish cardiovascular system
Zebrafish only have one cardiovascular circuit, with one ventricle and
one atrium. Also other major anatomical differences are obviously
present compared to the human cardiovascular system such as the
presence of gills, positioned in between the zebrafish ventral aorta
and dorsal aorta to oxygenate the blood. This notwithstanding, the
organization and constituents of for example the ventricular and vas-
cular wall show important similarities to the human counterparts.
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Different key components of the zebrafish cardiovascular system are
now described (inspired by the overview of the zebrafish cardiovascu-
lar system provided in [48] and [49]) and a simplified illustration of
the adult zebrafish cardiovascular system is provided in Figure 2.4.

Figure 2.4: Simplified illustration of the adult zebrafish cardiovascular
system. Blood is pumped by the heart and is oxygenated in the gill capil-
lary vasculature. The gill vasculature is encircled and the heart is boxed
in the top image of the zebrafish circulation. A more detailed illustra-
tion of the heart is provided at the bottom half. Blue arrows indicate the
direction of blood flow. Also the position of different valves is denoted.
BV: bulboventricular, AV = atrioventricular, SA = sinoatrial. Adapted
from [49].

2.3.2.1 Sinus venosus
Venous blood drains via the common cardinal vein and the hepatic
portal vein into the sinus venosus before it reaches the atrium. The
sinus venosus of the zebrafish is extremely thin-walled and almost
no myocardium is present. The sinus venosus plays an important
role in the initiation and regulation of the rhythmic contractions of
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the heart, as it contains pacemaker cells and conductive tissue. The
sinus venosus is also present in the embryonic human heart, but be-
comes incorporated into the right atrium during heart development
whereas this structure persists in the zebrafish. Although located
inside the pericardium, the adult zebrafish sinus venosus is barely to
non-contractile, and is not counted as a pumping chamber.

2.3.2.2 Atrium
Just like in the human heart, the wall of the zebrafish atrium can be
divided into an endocardium, myocardium and epicardium, all with
a largely similar composition as its human counterparts. Endothelial
cells line the endocardium, the myocardium consists of cardiomyo-
cytes, and the epicardium is mostly made up of epithelial cells and
connective tissue. Cardiac muscle, i.e., the myocardium makes up the
largest part of the atrial wall. The atrium-developed systolic pressure
in zebrafish is around 0.5-1 mmHg [48]. Human right and left atrial
systolic pressure reach around 8 and 12 mmHg, respectively.

2.3.2.3 Ventricle
The zebrafish ventricle also consists of an endocardium, myocardium
and epicardium, again resembling the human ventricular wall organ-
ization. Compared to the zebrafish atrium, the zebrafish ventricle
also mainly consists of cardiomyocytes but the ventricular wall is
clearly thicker. The myocardium has two layers, an inner trabecu-
lar layer and an outer, thinner, compact layer. The density of the
trabecular layer of the zebrafish ventricle is much higher compared
to the zebrafish atrium. The ventricle-developed systolic pressure in
zebrafish is around 2.5-3 mmHg [48]. Human right and left ventricu-
lar systolic pressure reach around 25 and 120 mmHg, respectively.

2.3.2.4 Bulbus arteriosus
The bulbus arteriosus is located just downstream of the ventricle.
The bulbus arteriosus is sometimes simply named bulbus or, especially
at embryonic or larval stages, outflow tract. The bulbus is a tapered,
pear-shaped structure and evolves into the ventral aorta. The bul-
bus is located inside the pericardium but this structure mainly shows
vascular characteristics. No cardiac muscle is present and the bulbar
wall is organized in three layers, an intima, media and adventitia,
thus following the same organization of (mammal) vascular vessels.
Consequently, the bulbus is not counted as a pumping chamber and
the zebrafish heart should thus be described as two-chambered, con-
sisting of the atrium and ventricle [48].
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Functionally, the bulbus can be seen as a very elastic or compliant
reservoir. The bulbus provides an essential buffering or Windkes-
sel role as it reduces the ventricular pressure peaks, protecting the
delicate gill vasculature and other downstream nearby organs. The
bulbus also ensures a more continuous blood supply to the gills al-
lowing efficient oxygen exchange. The high ratio of elastin compared
to collagen allows large distensions of the bulbus, considerably larger
than the distensions seen in mammal large elastic arteries or in the
zebrafish ventral aorta. In Chapter 8, computational modeling of the
bulbus will be discussed and the structure and function of the bulbus
are revisited at that point.

2.3.2.5 Cardiac valves
In Figure 2.4 three valves are displayed: the sinoatrial valve in
between the sinus venosus and atrium, the atrioventricular valve in
between the atrium and ventricle and the bulboventricular valve in
between the ventricle and bulbus arteriosus. Although all three of
these valves are described as cardiac valves in [49], often only the
zebrafish atrioventricular and bulboventricular valves are reported
as cardiac valves, e.g., [220]. In the human heart, four valves named
the tricuspid, pulmonary, mitral and aortic valve, ensure one-way
blood flow and pressure generation. The zebrafish bulboventricular
valve could be regarded similar to the human aortic valve but the
bulboventricular valve has two leaflets instead of the three-leaflet
human aortic valve in the majority of individuals. Some researchers
consider instead a homology between the zebrafish atrioventricular
valve and human (mammalian) aortic valve.

2.3.2.6 Ventral aorta
The tapering bulbus transitions into the ventral aorta. Similar to
mammals, the wall of the zebrafish ventral aorta can be divided
into an intima, media an adventitia and similar key constituents
are present. Up to approximately 10 layers of elastin lamellae are
found near the transition of the bulbus into the ventral aorta, whereas
around 5 layers of elastin lamellae are found further downstream the
ventral aorta [49]. In the human ascending thoracic aorta, around 80
layers of elastin lamellae are found [50].

In contrast to the human aorta, the zebrafish ventral aorta is not
arched. The zebrafish ventral aorta is straight and divides into four
pairs of afferent branchial arteries supplying the blood to the gill
vasculature. Functionally, the ventral aorta and the bulbus have a
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similar buffering or Windkessel role as the large elastic arteries in
mammals. The short distance between the delicate gill vasculature
and the heart could explain the presence of the bulbus. The buffering
capabilities of the ventral aorta only would be insufficient to dampen
and smooth the high-pressure and highly pulsatile blood flow over
such a short distance.

Common diastolic and systolic blood pressures in human aorta are 80
mmHg and 120 mmHg, respectively. In the zebrafish ventral aorta,
the blood pressure varies from approximately 0.8 mmHg (diastole) to
2.2 mmHg (systole) [48].

2.3.2.7 Dorsal aorta
Downstream of the gill vasculature, oxygenated blood is collected by
four pairs of efferent branchial arteries and these efferent arteries or
arches merge into the dorsal aorta. The dorsal aorta is much longer
than the ventral aorta and runs dorsally over the majority of zebrafish
length, just beneath the vertebra. Regularly spaced branch pairs of
intersegmental arteries along the dorsal aorta ensure blood supply to
all regions of the fish body.

The three-layered macrostructure of the vessel wall is also observed
in the dorsal aorta [51]. Whereas high elastin contents are observed
in the bulbus, the elastin content is lower in the ventral aorta and
further decreases along the dorsal aorta [49]. In the dorsal aorta, one
to two elastic lamellae are observed in combination with one or two
layers of smooth muscle cells [49, 51]. The peak pressure drops from
2.2 mmHg in the ventral aorta to 1.5 mmHg in the dorsal aorta due
to the (resistive) gill vasculature [48]. Arterial valves are sporadically
seen in the dorsal aorta [51].

2.4 Zebrafish models of cardiovascular development,
function and disease

Multiple animal models are used in cardiovascular research [52–54].
Mouse models remain the dominant animal model in cardiovascular
research but zebrafish are growingly popular and at this point used
in several areas of cardiovascular research [55–66].

A dedicated section, Section 2.5, will be used to discuss HTAD both
from a human and zebrafish perspective as these aortapathies are
the primary target diseases in this dissertation. Next to HTAD, the
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disease

zebrafish is used to study a broad range of cardiovascular aspects and
an overview is now provided.

Around 30 years ago, the first detailed descriptions of cardiovascular
development in the zebrafish were reported [67–69]. Shortly after-
wards, many mutations affecting the formation and function of the
cardiovascular system of the zebrafish embryo were identified as part
of a large-scale mutagenesis screen [70–73]. Over the past decades,
most zebrafish cardiovascular research has focused on the embryonic
and larval stages. The zebrafish is optically transparent during these
early life stages which allows effective in vivo imaging of the devel-
oping cardiovascular structures [74]. Another interesting advantage
of embryonic zebrafish is their ability to survive several days without
a functional cardiovascular system, which improves the chance to re-
cover otherwise lethal mutants compared to mammals.

A number of applications and disease models of embryonic and larval
zebrafish (also referred to as developing zebrafish) are now provided.
Zebrafish disease models of several congenital heart diseases are avail-
able [75,76], including tetralogy of Fallot [77], looping defects [78] and
heart valve malformations [79–83]. Developing zebrafish also contrib-
ute to atherosclerosis research [84], including the role of hemodynam-
ics in atherosclerosis [85, 86]. Hemodynamics does not only play an
important role in atherosclerosis but also influences heart develop-
ment and disease and the developing zebrafish is well suited for this
line of research [5–7, 87–99]. Finally, developing zebrafish are an ef-
fective model for phenotypic cardiovascular drug screening [100,101].

Both developing and adult zebrafish are a well-suited animal model to
study cardiac electrophysiology, including cardiac arrhythmias. The
resting heart rates of rodents (300–600 bpm) are much higher than
normal adult human resting heart rates (50-100 bpm) while normal
adult zebrafish resting heart rates (120-180 bpm) are still higher but
more similar to the human heart rate. Also the ion channel function-
ing and phase timings of zebrafish resemble the human physiology
better compared to rodents [102,103]. Several arrhythmogenic cardi-
omyopathies have been modeled successfully in zebrafish [103–106].

A remarkable characteristic of zebrafish is their capability to regen-
erate a number of body parts at adult stages, including the heart and
cardiac valves. Several zebrafish studies have tried to elucidate the
mechanisms that allow heart and valve regeneration [24,107–110], ul-
timately hoping to facilitate cardiac tissue regeneration in humans,
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but a translation to the human setting has not been accomplished at
this point.

Adult zebrafish are also used to study drug induced cardiomyopath-
ies. An example is Doxorubicin, a therapeutic agent used in cancer
(tumor) treatment with cardiotoxic side effects. The mechanisms that
cause the cardiotoxicity, including the role of genetic predisposition,
are investigated using the zebrafish [111–115].

2.5 Heritable thoracic aortic disease in zebrafish and
humans

2.5.1 Human heritable thoracic aortic disease
HTAD refers to a spectrum of heritable (genetic) diseases with as
common denominator the increased risk of aortic aneurysm, i.e, the
bulging of the weakened aortic vessel wall, aortic dissection, i.e., tear-
ing of the middle layer of the aorta, leading to a split of the intimal
and medial aortic layers and presence of a false lumen, and eventually
rupture, i.e., a tear through all layers of the aorta. HTAD can have
an identifiable genetic cause but can also occur in families without
known genetic abnormality.

Thoracic aortic aneurysms can manifest at different locations: at the
aortic root, in the ascending part of the thoracic aortic, in the aortic
arch or in the descending part of the thoracic aorta. These aneurysm
locations are illustrated in Figure 2.5. An aortic aneurysm may also
manifest in the abdominal aorta but in that case the aneurysm is
likely - but not necessarily - less directly linked to a monogenetic cause
but rather caused by a combination of multiple genetic and environ-
mental factors (e.g., atherosclerotic abdominal aortic aneurysms).

Aortic dissections are categorized depending on where the dissection
presumably originates. Following the Stanford classification, Type
A aortic dissections originate in the ascending thoracic aorta while
Type B aortic dissections originate in the descending thoracic aorta,
distal from the left subclavian artery. Both Type A and Type B
aortic dissections may extend toward the abdominal aorta.
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Figure 2.5: A simplified illustration of the human thoracic aorta (first
image on the left) as well as illustrations of four different aneurysm locations.
Image adapted from adelaidecardiothoracic.com.au.

The spectrum of HTAD ranges from monogenetic disorders caused
by a defect in one specific gene to polygenetic disorders caused by
a combination of several genetic and environmental factors. Mono-
genetic disorders are rare but the clinical manifestations are often
severe. The prevalence of the polygenetic disorders is higher while
the clinical manifestations can be less pronounced. Overall, the clin-
ical manifestations in HTAD are heterogeneous and HTAD can also
be subdivided into syndromic and non-syndromic diseases (with and
without clinical manifestations beyond the cardiovascular system, re-
spectively).

The genes involved in HTAD can be divided in different groups de-
pending on the underlying mechanisms leading to the aortic mani-
festations [116,117]. The genes FBN1, COL3A1, MFAP5, BGN and
LOX encode components of the extracellalur matrix, affecting the
structure of the aortic vessel wall. The genes TGFBR1, TGFBR2,
SMAD2, SMAD3, SMAD4, TGFβ2 and TGFβ3 encode components
of the transforming growth factor beta (TGFβ) pathway, affecting
the ability to modify structure in response to changes in mechanical
load imposed on the aortic wall. The genes ACTA2, MYLK, PRKG1
and MYH11 encode proteins involved in the contractile apparatus
of vascular smooth muscle cells, also affecting the ability to modify
structure in response to changes in mechanical load imposed on the
aortic wall. More genes are certainly involved in HTAD since the
majority of familial cases have been reported without identifiable un-
derlying genetic defect.

Examples of syndromic HTAD linked to one or more of the afore-
mentioned genes include Marfan syndrome (FBN1) [118], Loeys-
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Dietz syndrome (TGFBR1, TGFBR2, SMAD3 ) [119] and vascular
Ehlers-Danlos syndrome (COL3A1 ) [120]. Marfan syndrome is the
longest known and most studied syndromic HTAD but also in Mar-
fan syndrome the genotype-phenotype correlations are not yet fully
understood. The prevalence of Marfan syndrome is estimated as 1
in 3.000-5.000 individuals [121]. Common cardiovascular complica-
tions in Marfan syndrome are aortic root aneurysm and dissection
of the aorta, which can be fatal [122–124]. Several examples of non-
syndromic HTAD are reported, for example in [125–128]. Note that
in HTAD, the cardiovascular complications are often not limited to
the aorta. In, e.g., Marfan syndrome, also mitral valve prolapse [129]
and primary impairment of left ventricular function [130] are repor-
ted. In general, the clinical manifestations in HTAD are progressive
and can require life-long follow-up.

2.5.2 Zebrafish as a model for heritable thoracic aortic
disease

Several of the earlier mentioned characteristics of (developing)
zebrafish are very powerful advantages in HTAD research. The
fact that new genetic variants can be induced relatively easy and
considerable sample sizes can be obtained time- and cost-effectively
are key factors. Combined with the (in vivo) imaging options to
visualize the developing cardiovascular structures, the zebrafish
holds a unique position for screening and first-line HTAD research
among all vertebrate animal models.

Zebrafish can be used to investigate (screen) the pathogenicity of spe-
cific genetic variants (i.e., variants of uncertain significance identified
in patients). Recently, a zebrafish embryo assay successfully valid-
ated known pathogenic SMAD3 variants while classifying another
SMAD3 variant of unknown significance as likely pathogenic [131].

Similary, EMILIN1 and MIB1 variants of uncertain significance iden-
tified in clinical testing have been assessed using zebrafish [132].
In [132] known pathogenic variants of FBN1, COL1A2, COL5A1 and
COL5A2 were used as positive controls. In general, the timeframe to
classify a specific variants of uncertain significance using zebrafish can
be as short as two weeks [133] while purely clinically demonstrating
the pathogenicity could easily take many years.

Also the role of (altered) TGFβ-signaling in aneurysm formation is
investigated using zebrafish models. In [134], a zebrafish model lack-
ing the TGFβ-receptor alk5 is generated, and dilatation of the out-
flow tract (in 2.3.2 also described as the bulbus arteriosus in adult
22
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zebrafish) is observed. In [135], a zebrafish model lacking the ltbp1
and ltbp3 genes (genes encoding latent-transforming growth factor
beta-binding protein 1 and 3) is described and severe aneurysm form-
ation of the outflow tract is reported.

The majority of developed zebrafish models related to HTAD do not
survive until adulthood, and most reports thus only focus on the
embryonic and larval stages. This is an important limitation. As
mentioned in 2.5.1, often part of the clinical cardiovascular manifesta-
tions in HTAD are progressive and/or only present after adolescence.
Zebrafish HTAD models showing similarities to the clinical mani-
festations seen in patients, also during adulthood, are very likely to
be more accurate and comprehensive disease models than zebrafish
models of which the embryos do not survive more than a few days.
Developing such zebrafish HTAD models is possible, as demonstrated
recently [12,13].

In [13], a zebrafish model showing cardiovascular manifestations over-
lapping with Marfan syndrome is reported. Different fibrillin genes in
the zebrafish are targeted and a promising zebrafish model showing
dilatation of the bulbus arteriosus both during developing and adult
stages is found.

In [12], a zebrafish model targeting the zebrafish smad3 and smad6
genes is described. In humans, loss of function of SMAD3 and/or
SMAD6 results in, a.o., thoracic aortic aneurysm and dissection. A
zebrafish model of thoracic aortic dissection and rupture is reported
in this study.

To conclude this overview, two review articles are worth mentioning.
Recently, state-of-the-art research on zebrafish models of thoracic
aortic genetic variants was summarized in [133]. In [49], the use
of zebrafish to study several vascular elastic fiber pathologies is dis-
cussed. Part of the included vascular elastic fiber pathologies are
heritable thoracic aortic diseases (HTADs).
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3
Model-derived aortic

biomechanics

3.1 Introduction

Many important cardiovascular biomechanical metrics, e.g., the stress
within the wall of the aorta, or the shear stress exerted by blood flow
on its wall (wall shear stress), cannot be (easily) obtained experi-
mentally. Numerical simulations are therefore often used to compute
the aortic hemodynamics and biomechanics. Numerical simulations
are calculations run on a computer to solve a set of equations mimick-
ing a real-life problem and for which there is no analytical solution.
Numerical simulations thus refer to the solving process of a model of
a certain physical system, using numerical techniques to do so.

Numerical simulations are very valuable to virtually investigate (i.e.,
simulate) different scenario’s, to optimize certain parameter choices
or to provide information about metrics that would not be available
otherwise. At this point, numerical simulations are widespread in dif-
ferent engineering fields such as aerodynamics, fire safety engineering,
mechanical construction and biomedical engineering.

Three different types of problems can be considered: (i) flow problems
considering only the aortic fluid dynamics inside the vessel lumen, (ii)
structural problems considering only the aortic solid mechanics of the
vessel wall and (iii) problems considering both the fluid dynamics
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inside the lumen and the solid mechanics of the vessel wall at the
same time. This third type of problem is called a fluid-structure
interaction (FSI) problem.

The governing equations as well as several common constitutive re-
lations describing aortic fluid dynamics and solid mechanics are now
provided (Section 3.2). Afterwards, the actual numerical simulations
are discussed from a practical point of view (Section 3.3).

3.2 Governing equations and constitutive models

3.2.1 Aortic fluid dynamics
Two conservation principles dictate the behavior of any fluid: the
conservation of mass and the conservation of momentum.

In fluid mechanics, the principle of conservation of mass is mathem-
atically expressed via the continuity equation:

∂

∂t
ρf + ∇ · (ρf v⃗) = 0 (3.1)

In this equation, ρf is the fluid density and v⃗ is the velocity vector
field.

Within this dissertation, blood in the zebrafish arterial system is
modeled as an incompressible fluid which implies that its density is
constant. Equation 3.1 then reduces to:

∇ · v⃗ = 0 (3.2)

The conservation of momentum for an incompressible fluid is ex-
pressed as:

ρf
∂v⃗

∂t
+ ρf (v⃗ · ∇)v⃗ = ∇ · ⃗⃗σf + f⃗f (3.3)

Body forces f⃗f are neglected in this dissertation. The stresses ⃗⃗σf are
the sum of normal stresses caused by the internal pressure pf (per
unit area) and shear stresses ⃗⃗τf caused by viscous forces (per unit
area). Taking these aspects as well as the notation ⃗⃗

I for the identity
matrix into account, Equation 3.3 can be written as:

ρf
∂v⃗

∂t
+ ρf (v⃗ · ∇)v⃗ = ∇ · (−pf

⃗⃗
I + ⃗⃗τf ) (3.4)
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In this dissertation, blood is modeled as a Newtonian fluid, implying
that the shear stress ⃗⃗τf can be linked to the velocity vector v⃗ via the
following constitutive relation:

⃗⃗τf = µ(∇v⃗ + ∇v⃗T ) (3.5)

where µ is the dynamic viscosity, assumed constant.

3.2.2 Aortic solid mechanics
The governing equation to model aortic solid mechanics is based on
the conservation of linear momentum (Newton’s second law):

ρs
∂2u⃗

∂2t
= ∇ ⃗⃗σs + f⃗s (3.6)

In left hand side of this equation, ρs is the solid density and u⃗ is the
displacement vector field. In the right hand side of this equation,
⃗⃗σs is the Cauchy stress tensor and the vector f⃗s represents body
forces working in on the solid. Body forces are again neglected in
this dissertation.

Different constitutive relations to link the stress tensor σ⃗s to the
displacement vector field u⃗ can be considered for aortic tissue, for
example a linear elastic material assumption, Neo-Hookean material
assumption or the Holzapfel-Gasser-Ogden material model. More
details are provided in the relevant chapters: see Chapter 7 and 8.

3.3 Numerical simulations in practice

Often, no analytical solution can be found for the (set of) partial dif-
ferential equations representing the cardiovascular flow and/or struc-
tural problem. The problem is therefore discretized in space and (for
time-dependent simulations also in) time allowing to apply numerical
methods to find a (numerical) solution. All numerical simulations in
this chapter were performed using COMSOL Multiphysics®. A de-
tailed review of the theory of numerical simulations is beyond the
scope of this dissertation. Below, several key aspects are to set up
numerical simulations of arterial mechanics and fluid dynamics in
practice.
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3.3.1 Obtaining the geometry
The geometry in simulations of human cardiovascular biomechanics
is often based on medical imaging. Geometries can for example be
obtained from CT imaging datasets covering the volume of interest
and a 3D geometry of the aorta can be extracted by a technique called
segmentation. In this dissertation, the Mimics (Materialise, Leuven,
Belgium) software is used to perform the segmentations.

Figure 3.1-A, displays a 3D reconstruction of a dissected aorta, ob-
tained from a CT imaging dataset after segmentation. Depending on
the aim of the study, either an idealized geometry or patient-specific
(or mouse-specific or zebrafish-specific) geometry is used in the sim-
ulations. An idealized geometry is often still inspired by imaging but
is a simplified, generalized geometry and can be defined by a com-
bination of parameters (diameters, lengths, curvature radii, etc.) as
illustrated in Figure 3.1-B. A patient-specific geometry on the other
hand is directly obtained from the segmentation of a specific imaging
dataset and and expample is provided in Figure 3.1-C.

Patient-specific geometries, or in the context of this dissertation,
zebrafish-specific geometries are thus anatomically (and physiologic-
ally) more accurate than idealized geometries but require suitable 3D
imaging data and often require more computation resources.
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Figure 3.1: A: after segmentation, 3D reconstructions of, e.g., the aorta
can be obtained from (CT-)imaging datasets. Adapted from [136]. B:
idealized geometry of the aorta. Adapted from [137]. C: patient-specific
geometry of the aorta. Adapted from [138].

3.3.2 Material properties
The material behavior can be simulated by employing appropriate
constitutive models and accompanying material constants. To model
the blood (under the incompressible and Newtonian assumptions),
values for the density and dynamic viscosity need to be provided.
The number of material constants to model the vessel wall depends
on the used constitutive relation and the choice to model the vessel
wall as a whole or the combination of, e.g., three layers reflecting
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the typical three-layered aortic macrostructures. The used material
property values for the different simulations in this dissertation are
provided in the relevant chapters (Chapter 7 and Chapter 8).

3.3.3 Boundary conditions
Next to the geometry and the material properties, also the boundary
conditions need to mimic the true situation as realistic as possible in
order to obtain meaningful simulation results. Boundary conditions
are applied at the boundaries of the model, i.e., the faces that form
the geometric border of the model.

In cardiovascular CFD simulations, inlets (faces through which the
flow enters the considered geometry), outlets (faces through which
the flow exits the considered geometry) and walls (faces not allow-
ing fluid to enter or exit the considered geometry) are distinguished.
Prescribing the flow or pressure are possible boundary conditions at
the in- and outlets. Also defining the ratio of pressure over flow is an
example of an (outlet) boundary condition (referred to as a resistive
boundary condition). A no-slip boundary condition is commonly im-
posed on the wall surface, indicating that the velocity of the blood is
the same as the velocity of the walls.

An example of in- and outlet boundary conditions in a CFD model
of the aortic arch is shown in Figure 3.2. A flow rate time profile is
defined at the inlet while different resistive boundary conditions are
applied at the four outlets.

Figure 3.2: Example of in- and outlet boundary conditions in a CFD
model of the aortic arch. Adapted from [139].
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For computational solid mechanics (CSM) and FSI simulations, ad-
ditional boundary conditions are applied to the vessel wall (outer
surfaces). Possible boundary conditions can be the constraining of
the surface, constraining of the surface but only in specific directions
but also free movement can be allowed.

The used boundary conditions for the different simulations in this
dissertation are provided in the relevant chapters (Chapter 7 and
Chapter 8).

3.3.4 Meshing
A mesh can be described as a division of the volume of interest into
small blocks (mesh elements). In CFD simulations, tetrahedral ele-
ments (bounded by four triangular faces) are commonly combined
with prismatic boundary layer elements to mesh the lumen volume.
Such meshes can be generated via the used simulation software in
this dissertation. A boundary layer is often meshed with prismatic
elements to allow more accurate calculations of the velocity near the
wall (and thus to allow more accurate calculations of wall shear stress
(WSS) - see also Section 3.4).

Figure 3.3: Panel A: mesh for a CFD simulation of an abdominal aortic
aneurysm (AAA). The boxed areas indicate zoomed in views shown in panel
B and panel C. The mesh consists of tetrahedral elements and a prismatic
boundary layer (visible in panel B). Adapted from [140].
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To mesh the vessel wall, again, tetrahedral elements can be used.
Note that both in CFD, CSM and FSI cardiovascular simulations,
structured meshes might also be used (using hexahedral elements)
instead of the unstructured meshes (mainly) consisting of tetrahedral
elements. Generally speaking, structured meshes reduce the numer-
ical error but structured meshes are also more difficult to generate,
often requiring specialized software and/or custom coding.

The numerical (accuracy of the) simulation solution depends on the
number of mesh elements (the more elements, the better the accuracy
but also the longer the computation time) and a mesh independence
study should be performed to select a suitable mesh.

3.4 Wall shear stress

Numerical simulations can be used to obtain details on, e.g, the pres-
sure, flow field or displacement in a cardiovascular problem. Very
often, another (biomechanical) metric, wall shear stress (WSS) is also
investigated in cardiovascular simulations. Wall shear stress (in this
context) is the shear (i.e., tangential) stress exerted by the blood on
the inner surface (consisting of endothelial cells). Wall shear stress
equals the shear rate (i.e., the rate of change of blood velocity near the
wall) multiplied by the blood viscosity. Blood pressure on the other
hand results in a normal stress acting on vessel walls. An illustration
is provided in Figure 3.4.
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3.4. Wall shear stress

Figure 3.4: Schematic illustration of the velocity profile, wall shear stress
and normal stress in a vessel wall. Adapted from [141].
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4
Cardiovascular imaging in adult

zebrafish

4.1 Introduction

This chapter reviews several adult zebrafish cardiovascular imaging
modalities. State-of-the-art cardiovascular disease characterization
in e.g. human or murine research often involves the combination
of multiple imaging techniques, commonly including histology, mi-
croCT, ultrasound and MRI. Also numerical simulations of the hu-
man or murine cardiovascular system are often based on one or more
of these techniques, and therefore these four imaging modalities are
discussed first in 4.2.2, 4.3, 4.4 and 4.5, both from a general and
zebrafish cardiovascular research viewpoint. An explicit comparison
of these techniques for zebrafish cardiovascular research is provided
in 4.6. In addition to histology, microCT, ultrasound and MRI, a
few other, in adult zebrafish research less frequently applied imaging
modalities, are briefly discussed in 4.7.

4.2 Histological imaging

4.2.1 General principle
Microscopic imaging of histological slides is one of the most frequently
used techniques to examine the (micro)structure of tissues in preclin-
ical research. Histological slide preparation involves several steps,
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important ones being fixation, embedding, sectioning and staining. A
short and simplified explanation of each of these steps is provided
below.

First, after sacrificing the animal, degeneration of the tissues is
stopped. This step is called fixation and tissues are usually fixed
using a formalin solution, which leads to cross-linking of proteins in
the tissue. In the embedding step, the fixed specimens are embedded,
often after trimming, dehydration, decalcification and/or clearing.
Paraffin wax is the common embedding medium. The embedded
tissue is sectioned with a specialized device: the microtome. This
produces thin tissue sections which are attached to glass slides.
Differential histochemical staining of these tissue slices is performed
using specific dyes to enhance the contrast and highlight tissues
of interest. This way, visibility is improved for (bright-field)
microscopic imaging. A common example is hematoxylin-eosin
staining.

Immunohistochemical staining of tissue sections involves the same
overall steps but instead of dyes, antibodies are used to label certain
proteins and dedicated sample preparation and processing steps are
necessary. Fluorescent-labeled secondary antibodies can be used and
fluorescence microscopy, instead of bright-field microscopy, is then
used to visualize the sample.

4.2.2 Histological imaging in adult zebrafish
Also in adult zebrafish cardiovascular research, histology is often
performed. Different protocols have been compared and optimized
[142, 143], both for larval, juvenile and adult zebrafish. Different
staining reagents to visualize the adult zebrafish cardiovascular mi-
crostructure are encountered in literature. Hu et al. were one of
the first groups rigorously describing cardiovascular morphology and
microstructure in adult zebrafish [48]. They presented a hematoxylin-
eosin stained cross section of the bulbus arteriosus (Figure 4.1, Left)
as well as Masson trichrome stained sections of the bulboventricu-
lar (valve) region (Figure 4.1, Right). In Masson trichrome staining
the muscle fibres, predominantly present in the ventricle, appear red,
while the collagen, predominantly present in the bulbus arteriosus,
appears blue.
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Figure 4.1: Left: Hematoxylin-eosin stained cross section of the bulbus ar-
teriosus. The two line bars separate the three concentric layers. Arrowheads
indicate ridges separating the luminal surface and subjacent tissue into a
lobed formation. At the bottom, the coronary vessel is indicated by the
arrow. Scale bar: 20 µm. BA: bulbus arteriosus. Right: Masson trichrome
stained sections showing the atrioventricular valve leaflets (arrowheads in
the top image) and bulboventricular valve leaflets (arrowheads in the bot-
tom images). Scale bar: 100 µm. BA: bulbus arteriosus, V: ventricle, VA:
ventral aorta. All image panels were adapted from [48].

Menke et al. reviewed the entire adult zebrafish anatomy [144] and
hematoxylin-eosin stained sections of the heart region can be appre-
ciated in Figure 4.2 and Figure 4.3.

Figure 4.2: Hematoxylin-eosin stained sections of the heart region in differ-
ent views. (a) Sinus venosus; (b) atrium; (c) ventricle; (d) bulbus arteriosus;
(e) ventral aorta; (f) thyroid follicles. Adapted from [144].
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Figure 4.3: Hematoxylin-eosin stained section of the gill vasculature, de-
picting a lamellar artery (a); primary lamella (b) and secondary lamellae
(c). Adapted from [144].

Hoareau et al. discussed different elastin related vascular pathologies
in zebrafish [49,145] and used both Masson trichrome staining, orcein
staining and immunolabeling with anti-elastin antibodies (immuno-
histochemical staining) as depicted in Figure 4.4.

Figure 4.4: Histological sections of the bulboventricular (valve) region in
adult zebrafish. Left: Masson trichrome staining. Images adapted from [49].
Mid: immunohistochemistry against elastin. Images adapted from [49].
Right: Orcein staining. Images adapted from [145]. Scale bars top row (all
three panels): 100 µm and bottom row: 50 µm (all three panels).

Several other examples of (immuno)histochemical staining of the
adult zebrafish cardiovascular structures can be found in literature
but the discussed examples should suffice to provide the reader
an impression up to which level of detail microstructural and
morphological aspects of zebrafish cardiovascular structures can be
assessed using histological imaging.
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4.3 (Synchrotron) X-ray computed tomography

4.3.1 General X-ray and X-ray computed tomography
principle

X-rays are, just like for example infrared, visible light and ultraviolet,
part of the electromagnetic spectrum. Compared to these other elec-
tromagnetic waves, the wavelengths of X-rays are shorter and their
energy is higher. When an X-ray beam encounters a material, this
material absorbs or scatters a portion of the X-rays. This property
can be exploited for imaging purposes by capturing the remaining
transmitted X-rays that pass through the material. More X-rays
pass through soft materials such as the arterial vessel wall compared
to denser materials such as bones. Soft tissues appear dark (gray)
on the resulting X-ray image while bones appear white on the X-ray
image.

Plain X-ray imaging (also called projectional radiography) and X-ray
computed tomography imaging (also called computed tomography
imaging or CT-imaging) should be distinguished. In both cases, X-
rays are used and the underlying working principles as explained
above are the same. The difference is that a plain X-ray image is
a 2D image resulting from a single scan while in X-ray computed
tomography, multiple scans of the same object or patient are taken
under different angles which are combined and computer processed
resulting into a 3D dataset.

In clinical practice, plain X-ray scans are sometimes used for, e.g.,
a (first) evaluation of bone fractures, since they are less expensive
and the radiation dose a patient receives is lower compared to a CT
scan. On the other hand CT scans provide more complete and more
detailed information.

4.3.2 General synchrotron X-ray computed tomography
principle

In synchrotron X-ray computed tomography imaging used the same
X-ray computed tomography principle as described above. But, in
synchrotron imaging, X-rays beams are produced by particle accel-
eration in dedicated (large) facilities contrary to conventional X-rays
which are produced in smaller laboratory or clinical settings by elec-
tron bombarding of a (often tungsten) target. The synchrotron radi-
ation allows better image quality compared to conventional X-rays.

In synchrotron phase-contrast CT imaging, the coherence of synchro-
tron radiation (in-phase X-ray waves) is used to exploit differences in
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refractive indices of materials. This produces a phase shift in the X-
rays passing through the sample. By placing the imaging detector at
a specific distance from the sample, interference between waves can
be used to enhance contrast in the image. These methods provide
higher contrast compared to normal absorption-based X-ray imaging,
making it possible to distinguish (small) soft tissue structures from
each other that have almost similar density. It is particularly use-
ful for enhancing the contrast of surfaces and interfaces in samples,
which would not be visible using absorption contrast.

Synchrotron imaging is not used in clinical practice but has, for ex-
ample, been applied to mice in cardiovascular research [146].

4.3.3 X-ray computed tomography in adult zebrafish
For cardiovascular imaging of adult zebrafish, only (3D) CT-scans
are used because of the desired level of soft tissue detail. Due to the
needed high resolution (∼ µm order) and accompanied field-of-views
(mm × mm × mm order) the phrase micro CT-imaging is commonly
used. Imaging at this level of detail has technical implications on for
example the required detectors.

Dullin and Habich [147] described protocols both for in vivo and ex
vivo micro CT-imaging, but focused on the gonads. While cardiovas-
cular in vivo micro CT-imaging of mice is possible since a couple of
years [148], in zebrafish, whose cardiovascular dimensions are more
than a fivefold smaller compared to mice, the cardiovascular soft tis-
sue level of detail obtainable with in vivo micro CT-imaging is not
sufficient. All upcoming mentioned micro CT studies in zebrafish
are performed ex vivo, allowing, compared to in vivo imaging, better
spatial resolution and soft tissue contrast because, a.o, (i) no twitch-
ing, breathing or cardiac motion is present during the scan, (ii) scan
modalities such as the duration of the scan or X-ray energy are not
a limiting factor in ex vivo studies and (iii) dedicated sample prepar-
ation, possibly involving contrast-enhancing staining, is feasible.

Babaei et al. [149] investigated different contrast (staining) agents
for micro CT imaging of adult zebrafish, but did not focus on the
cardiovascular structures in particular.

Bensimon-Brito and Boezio et al. [150] used different imaging tech-
niques to study cardiovascular disease in adult zebrafish, one of them
being ex vivo micro CT-imaging. They could obtain 3D reconstruc-
tions of the largest cardiovascular structures: atrium, ventricle and
bulbus (they use the phrase outflow tract), as depicted in Figure 4.5.
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Figure 4.5: Panel A: A sagittal micro-CT cross section of the anterior part
of an adult zebrafish, showing a.o. the eye and heart region. The white
dashed box encloses the heart region. Panel B: a zoomed and translated
view of the white dashed box heart region of panel A. Panel C: 3D recon-
struction of the adult zebrafish heart based on micro CT-imaging. WT:
wild-type, Ao: (ventral) aorta, Lu: lumen (of the bulbus), OFT: outflow
tract or bulbus, A: atrium, V: ventricle. Scale bars: 1 mm (A), 500 µm (B),
300 µm (C). Adapted from [150]

4.3.4 Synchrotron X-ray computed tomography in adult
zebrafish

Weinhardt et al. used synchrotron micro CT-imaging for automated
segmentation of several organs in adult zebrafish [151]. Also Seo et
al. used synchrotron phase-contrast micro CT-imaging but studied
hypercholesterolemic zebrafish and do not mention the cardiovascular
structures [152].

Ding et al. [153] report zebrafish phase-contrast synchrotron micro
CT-imaging in a fairly comprehensive study, but just like in the stud-
ies of Babaei et al. [149] and Weinhardt et al. [151], the cardiovascular
structures are part of their study but not a primary focus. They re-
port near histological level of details, but (due to limitations of the
field-of-view) only larval and juvenile (33 dpf) zebrafish samples are
included.
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Figure 4.6: Whole body synchrotron phase contrast microCT imaging of a
juvenile (33 dpf) zebrafish scanned at 1.43 µm3 isotropic voxel size. Coronal,
sagittal and axial cross sections are shown, as well as a 3D rendering at the
bottom right. Adapted from [153].

4.4 Echocardiography

4.4.1 General principle
Echocardiography or cardiac ultrasound imaging is a non-invasive
technique allowing in vivo imaging and measurements. An ultra-
sound transducer, also called probe, containing piezoelectric material
is used to convert electrical energy into pressure waves of ultrasonic
frequency. These waves travel through the imaged medium and at
each change in acoustic impedance the wave is partially reflected
and/or scattered while the remaining wave is transmitted further
into the medium.

In cardiovascular ultrasound imaging, reflections caused by the tis-
sues constituting vessel walls and heart chambers are often targeted.
Reflections are predominantly oriented opposite to the incoming dir-
ection and occur when a change in impedance is encountered on an
object that is much larger than the ultrasound wavelength. Red blood
cells on the other hand can be targeted scatter objects. Scattered
waves do not have a preferred direction and occur predominantly
on objects that are smaller than the ultrasound pulse wavelength.
Reflected and scattered waves that reach the transducer are recon-
verted into an electric signal and further processed to visualize and
characterize the imaged area.
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Different applications of this general principle result in different ul-
trasound modes such as B-mode ultrasound imaging, color Doppler
ultrasound imaging and pulsed wave Doppler ultrasound imaging.

4.4.2 High-frequency echocardiography in adult zebrafish
In the first report of ultrasound imaging in adult zebrafish, ultrasonic
frequencies of 7 and 8.5 MHz were used to image the heart [154] but
the obtained cardiovascular functional information was limited. In
general higher wave frequencies of 50-80 MHz are needed to image
the small zebrafish heart at useful resolution. In a human setting,
a 2-18 MHz range is commonly used. Several research groups made
use of custom-developed high-frequency ultrasound setups [155–160]
which allow several evaluations of cardiovascular function in the
adult zebrafish. Commercial high-frequency ultrasound machines
and transducers suited for preclinical small animal ultrasound
imaging are also available and used [161–164].

As water is a good medium to transmit the ultrasound waves, the fish
can remain under water during ultrasound imaging. Most groups re-
ported the use of a simple sponge and made an incision in the sponge
to fit and stabilize the zebrafish with their ventral side facing upwards
during the measurement (Figure 4.7 top). At Ghent University, a
custom set up was developed (Figure 4.7 bottom).

Figure 4.7: Adult zebrafish ultrasound imaging is often performed under
water using a simple sponge (left image, adapted from [163]). A custom
developed (3D printed) holder was developed at the Center for Medical
Genetics Ghent (right image, adapted from [9]).

High-frequency ultrasound imaging is currently the only fairly wide-
spread technique to assess functional cardiovascular parameters in
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adult zebrafish but limitations compared to the human setting are
present. Whereas in human or murine ultrasound imaging blood
velocity time profiles at several positions along the aorta or major
branches can be obtained, this is not feasible in zebrafish at this
point. Anesthesia is practically unavoidable to perform the zebrafish
ultrasound measurements but since anesthesia has an impact on the
cardiovascular parameters it is important to minimize both the dose
of the anesthesia and duration of the measurement. A standardized
experimental protocol is crucial [163,164].

The positioning of the probe with respect to the zebrafish depends
on the desired imaging mode, and different probe positions are illus-
trated in Figure 4.8.

Figure 4.8: Left: schematic illustration of 3 different probe positions res-
ulting in three common views for zebrafish ultrasound imaging of the heart.
1: Short Axis view, 2: Long Axis view and 3: Abdominal-Cranial Axis
view. Right: B-mode Short Axis image. Adapted from [162].

B-mode imaging results in a 2D image plane and is used to view
(the motion of) larger structures. The denser the tissue, the brighter
the gray tone on the image. In zebrafish echocardiography, B-mode
imaging is mainly used to examine the ventricle. Fluid-filled spaces
appear darker but the moving red blood cells are clearly visible in
the heart as moving speckles. B-mode ultrasound imaging in adult
zebrafish is illustrated in Figure 4.8 (right panel) and Figure 4.9.
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Figure 4.9: B-mode Long Axis images of the heart area in a wider view
(left) and zoomed in view of another sample (right). The (motion of the)
ventricular wall is traced in blue in the right panel. Images acquired at
the Infinity small animal imaging core facility, UGent, using a VEVO 2100
ultrasound machine.

In color Doppler imaging, color information representing the velocity
is superimposed onto the 2D B-mode information with blue colors
indicating flow away from the probe and red colors indicating flow
towards the probe. In adult zebrafish, color Doppler imaging is used
to image ventricular in- or outflow (Figure 4.10 and 4.11).

Figure 4.10: Color Doppler Long Axis images of ventricular inflow (left)
and ventricular outflow (right). Images acquired at the Infinity small animal
imaging core facility, UGent, using a VEVO 2100 ultrasound machine.
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Figure 4.11: Color Doppler Abdominal-Cranial Axis images of ventricular
inflow (left) and ventricular outflow (right). Images acquired at the Infinity
small animal imaging core facility, UGent, using a VEVO 2100 ultrasound
machine.

Pulsed wave Doppler imaging no longer images a 2D area but targets
a smaller sample volume where the velocity is measured as a function
of time. Again, ventricular in- and outflow are usually imaged in adult
zebrafish (Figure 4.12).

Figure 4.12: Pulsed Doppler images of ventricular inflow (top) and
ventricular outflow (bottom). The sample volume for these Pulsed Dop-
pler measurements was selected based on Color Doppler Abdominal-Cranial
Axis images. Images acquired at the Infinity small animal imaging core fa-
cility, UGent, using a VEVO 2100 ultrasound machine.

In Figure 4.9 (right) and Figure 4.12, post-processing annotations are
visible on the ultrasound images. In the presented images, these an-
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notations were made by an operator using the VEVO Lab software.
The strong importance of a standardized protocol in zebrafish echo-
cardiography was expressed earlier and also the operator-dependency
should be minimized, both regarding the measurement itself and re-
garding the post-processing. To reduce operator-dependency and al-
low faster processing, post-processing of the measurements is some-
times automated. Automated masking of the zebrafish ventricle on
B-mode images has been reported [165]. In human cardiovascular
ultrasound, also automated post-processing of Pulsed Wave Dop-
pler measurements is reported but [166, 167] but similar resources
in zebrafish were not found at the onset of this PhD.

4.5 Magnetic resonance imaging

4.5.1 General principle
In MRI, a strong magnet is used to align the hydrogen nuclei
(single protons) throughout the body with that magnetic field.
Subsequently, a pulsed radiofrequency current is applied to spin
the protons out of equilibrium. As the protons realign with the
magnetic field (due to the radiofrequency current being turned off)
energy is released which can be detected by MRI sensors. Different
types of tissue can be distinguished on the resulting images because
the response of the protons is affected by other atoms to which
they are bound. The faster the protons realign with the magnetic
field, the brighter the resulting image and contrast agents (e.g.,
containing Gadolinium) may be administered intravenously before
or during the MRI scan to increase the speed at which protons
realign. Different slices representing the whole body can be obtained
by altering the local magnetic field spatially by small increments.
This way, radiofrequency currents of different frequencies will cause
different slices throughout the body to resonate.

4.5.2 Magnetic resonance imaging in adult zebrafish
Magnetic resonance imaging allows in vivo recordings in zebrafish,
but resolution levels usable for zebrafish cardiovascular research are
hard to obtain. Specialized preclinical MRI systems are needed as
well as miniature flow chambers to position the zebrafish and allow
water perfusion during in vivo imaging. The use of anesthesia is
necessary to reduce the motion of the zebrafish during MRI. The first
report of zebrafish MRI did not focus on a single organ but describes
zebrafish MRI in general [168]. Later, zebrafish MRI, again from a
general point of view but at improved resolutions was reported [169].
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A number reports focus on the zebrafish brain [170–172]. Recently, ex
vivo MRI was used to investigate organ-specific growth abnormalities
and both the brain and heart were included [173]. In vivo MRI with a
focus on the zebrafish heart was first reported in a study investigating
heart regeneration. Advanced MRI (processing) techniques to reduce
scan times were used [174]. In the same study also ex vivo MRI in
adult zebrafish was performed and a comparison of ex vivo and in
vivo or live MRI is presented in Figure 4.13.

Figure 4.13: In vivo (left) and ex vivo (middle and right) MRI of and adult
zebrafish in sagittal images planes. (h) or the whole scan field (i) from eye to
mid swim bladder in (sagittal view). Scale bars: mm. a: atrium, b: bulbus
arteriosus, e: eye, i: intestine, k: kidney, l: liver, m: muscle, n: olfactory
pit, o: oesophagus, p: pharynx, s: swim bladder, t: tectum opticum, v:
ventricle. Adapted from [174].

In vivo MRI was used to analyze both luminal and outer wall dilation
of the outflow tract or bulbus arteriosus during the cardiac cycle
[150]. Images illustrating the obtainable level of detail are presented
in Figure 4.14
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Figure 4.14: Left: single frame of an in vivo MRI cine of a wild-type adult
zebrafish in a coronary plane. The white box indicates the zoomed in views
in the middle and right image panels. The outer (yellow) in inner (pink)
wall of the outflow tract is indicated in the middle (timeframe of minimal
expansion of the outflow tract) and right (timeframe of maximal expansion
of the outflow tract) image panels. Scale bar (left): 1.5 mm (A), scale bar
(middle and right): 500 µm. OFT: outflow tract, V: ventricle, A: anterior,
P: posterior. Adapted from [150].

4.6 Histology, microCT, echo and MRI: a comparison

Histology provides most structural details but is a post mortem tech-
nique resulting in 2D slices and loss of the sample. 3D information
can be obtained using microCT imaging and synchrotron (phase con-
trast) microCT imaging can provide more tissue details compared to
conventional microCT. In vivo CT imaging focusing cardiovascular
structures of the adult zebrafish has not been reported. MRI can
provide in vivo data, also in 3D, but the soft tissue level of detail
is limited. Ultrasound imaging is inherently in vivo but its 3D cap-
abilities (sometimes also referred to as 4D ultrasound counting the
time dimension) are very limited for adult zebrafish. Also the spatial
(soft tissue) level of detail is very limited in zebrafish ultrasound ima-
ging. Table 4.1 provides a concise comparison of the four mentioned
imaging techniques in the context of adult zebrafish cardiovascular
research.
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Table 4.1: Comparison of selected imaging techniques for adult zebrafish
cardiovascular research

Modality Histology (Synchr.)
microCT Echo MRI

in vivo
ex vivo ex vivo ex vivo in vivo in vivo

2D or 3D 2D 3D 2D 3D

Resolution
limit ∼ 0.3 x 5 µm 1 x 1 µm 30 x 75 µm 30 x 30 µm

Key
reference [144] [153] [163] [174]

In 2011, both the need and possibilities to image zebrafish at different
developmental stages, including adulthood, were explicitly expressed
in the context of the Zebrafish Phenome Project [175]. An overview
of zebrafish imaging possibilities (focused on whole-animal imaging
rather than blood flow imaging) was presented. Almost 15 years later,
considerable technical advancements have been made both for histo-
logy, microCT, echocardiography and MRI but the key advantages
and disadvantages of each of these imaging techniques with respect
to each other are still (roughly) the same.

4.7 Other imaging techniques

A few imaging techniques less frequently encountered in adult
zebrafish cardiovascular research are grouped in this section.

The use of scanning electron microscopy (SEM) has been reported to
visualize the adult zebrafish cardiovascular system, as illustrated in
Figure 4.15. SEM can only be used to visualize superficial structures
(if coated with an electron-dense material). The internal structures
can only be visualised using SEM after physical dissection of the
region of interest, making this technique less suited for image-based
3D computational modeling.
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Figure 4.15: Scanning electron microscopy images of the adult zebrafish
cardiovascular system. The image panels on the left (adapted from [48]) de-
pict the atrium (A), ventricle (V) and bulbus arteriosus (BA) in the largest
image. Zoomed in areas are shown below, focusing on the trabeculated (tr)
ventricle and atrioventricular valve (AV). In the image panels on the right
(adapted from [10]), a corrosion cast of the adult zebrafish cardiovascular
system is scanned, first showing the sinus venosus (SV), atrium (A) and
ventricle (V) and on the far right image panels depicting the gill vascu-
lature.

Light-sheet fluorescence microscopy (LSFM) is a very powerful
technique for zebrafish research, but mainly suited for developing
zebrafish due to their optical transparency. LSFM is a confocal
imaging technique but instead of illumination of a single point, a
while sheet is illuminated. For developing zebrafish, LSFM can be
used to set up in vivo computational models of the developing heart,
as illustrated in, e.g., [5] and [91]. In adult zebrafish, two related
reports show that after tissue clearing of the (opaque) ventricle,
ex vivo LSFM of the adult zebrafish heart is feasible [112] (see
also Figure 4.16) and semi-automatic segmentation of the major
cardiovascular structures can be performed [113] (see also Figure
4.17).
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Figure 4.16: Illustration of three different slices (sheets) of the adult
zebrafish heart imaged with light-sheet fluorescence microscopy. Tissue
clearing was applied before imaging. The panel on the far right renders
a 3D reconstruction of the adult zebrafish heart (outer surfaces). Adapted
from [112].

Figure 4.17: Based on the LSFM methodology depicted in Figure 4.16,
different adult zebrafish cardiovascular structures can be segmented (semi-
)automatically. Adapted from [113].

Also confocal microscopy can be used to set up in vivo computational
models of the developing heart, as illustrated in, e.g., [88, 89, 176]
but no promising results for (future) image-based 3D computational
modeling of the adult zebrafish cardiovascular structures have been
reported.
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Automated pulsed wave
Doppler annotation and

analysis in adult zebrafish

The work presented in this chapter is based on the publication:

Application of an automated analysis framework for pulsed-wave Dop-
pler cardiac ultrasound measurements to generate reference data in
adult zebrafish (Van Impe, M., Caboor, L., Deleeuw, V., De Rycke,
K., Vanhooydonck, M., De Backer, J., Segers, P. and Sips, P., AMER-
ICAN JOURNAL OF PHYSIOLOGY REGULATORY INTEGRAT-
IVE AND COMPARATIVE PHYSIOLOGY, 2023) [9].

5.1 Introduction

Commercially available ultrasound systems and probes for preclin-
ical small animal imaging substantially improved over the past 15
years. Brightness mode (B-mode) imaging, visualizing the contract-
ing ventricle, and PWD measurements of ventricular in- and out-
flow are now widely used to characterize cardiovascular function in
adult zebrafish [150, 162]. Several research groups have also ex-
plored the use of custom-made ultrasound setups for zebrafish ima-
ging [158, 160, 177, 178]. Overall, high-frequency ultrasound can be
considered as a widespread state-of-the-art technique for in vivo adult
zebrafish cardiovascular research [163,164].



5. Pulsed wave Doppler annotation and analysis

Specialized commercial software such as Vevo LAB (FUJIFILM Visu-
alSonics, Toronto, Ontario, Canada) can be used to trace the PWD
signals automatically but different points of interest, including peaks
and time intervals, still need to be characterized by manual point in-
dications on the recording. Analyzing zebrafish ultrasound measure-
ments therefore usually requires a considerable amount of dedicated
hands-on time. In addition, the reported interindividual variabil-
ity regarding cardiovascular (patho)physiological parameters between
zebrafish of the same sex, age and genotype complicates accurate
PWD based phenotyping [150]. One way to address this variability
is to analyze larger numbers of individuals per group, but this leads
to considerably longer analysis times. On the other hand, out of
practical considerations only a limited number of cardiac cycles col-
lected in one recording (often as small as three) is selected for ana-
lysis [163], resulting in an undersampling of the recorded data which
could lead to an unintended bias due to the existing beat-to-beat
variability within one recording. Increasing the number of analyzed
cardiac cycles per recording improves the accuracy of the (per sample
averaged) results and allows the detection of (phenotypic) variability
and irregularities but unfortunately this is usually not feasible for
large-scale experiments.

The general topic of (PWD) ultrasound processing automation has
gained interest in humans [166, 179], but no studies that fully auto-
matically provide an extensive set of PWD parameters in zebrafish
were found. Zebrafish are often used to study genetic cardiovascu-
lar diseases, which are frequently associated with variable phenotypic
expression [180]. Therefore, to maximize the relevance of the disease
model a comprehensive understanding of the cardiovascular pheno-
type is required, which necessitates the efficient extraction of as much
relevant information as possible from a relatively large sample size.

In this study, we present a fully automated framework to process
PWD adult zebrafish echocardiography measurements, allowing the
evaluation of all cardiac cycles in a large number of recordings without
operator-dependent inputs. An automatic analysis of irregularities,
correlations and statistical differences is integrated as well. The
method operates on DICOM data which is available from ultrasound
equipment used for routine small animal cardiac ultrasound present
in most specialized labs. We applied this algorithm to a large number
of ultrasound measurements in both male and female wild-type adult
zebrafish of varying ages to validate the framework and we both con-
firm existing findings and discuss previously unreported correlations.
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The reference measurement set provided in this study can be used as
a benchmark for future projects.

5.2 Methods

5.2.1 High-frequency pulsed wave Doppler ultrasound
imaging

A Vevo 2100 ultrasound machine (FUJIFILM VisualSonics, Toronto,
Ontario, Canada) and MS 700 linear array probe (FUJIFILM Visu-
alSonics, Toronto, Ontario, Canada) were used to perform the echo-
cardiography experiments. The probe has a frequency range of 30 -
70 MHz and a center frequency of 50 MHz. Anesthesia was induced
by immersing the zebrafish in a 0.16 g L−1 tricaine methanesulfon-
ate (MS-222) solution at 28°C until a lack of response to external
stimuli was observed. Next, the zebrafish were transferred to a new
0.08 g L−1 tricaine methanesulfonate solution at 28°C to maintain
anesthesia during the experiment, while minimizing the impacts of
anesthesia on the cardiovascular parameters.

All measurements were obtained within 3-4 minutes after the start
of anesthesia induction. PWD measurements of ventricular in- and
outflow were recorded with the probe in an abdominocranial short
axis configuration at a 45° angle towards the abdominal wall (Fig-
ure 5.1 b). In between measurements in different individuals, the
solutions were returned to a 28°C temperature-controlled water bath
to maintain a constant temperature during the ultrasound measure-
ments throughout the experiment.

A customized 3D printed holder, filled with the 0.08 g L−1 tricaine
solution and including spongy (submerged) clamps, was used to sta-
bilize the zebrafish during echocardiography (Figure 5.1 a and Figure
5.1 b). Note that both the spongy end of the sliding part and the
complete fixed part are submerged in water inside the box during the
experiment (Figure 5.1 a).

Figure 5.1 c and Figure 5.1 d illustrate representative Doppler angles
corresponding to measurements of ventricular in- and outflow, re-
spectively. The yellow arrowhead indicates the focal zone. A typical
inflow (atrioventricular valve flow) signal (AV flow) is shown in Figure
5.2 (top) and annotations of the atrial peak (A peak), atrial velocity
time integral (A VTI), early peak (E peak), early velocity time integ-
ral (E VTI), inflow regurgitation (A regurg), heart rate (HR), aortic
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ejection time (AET) and no flow time (NFT) are provided. A typ-
ical outflow (aortic valve flow) signal (AoV flow) is shown in Fig 5.2
(bottom) and annotations of the outflow peak (Ao peak), outflow ve-
locity time integral (Ao VTI) and outflow regurgitation (Ao regurg)
are provided. Also the aortic ejection time (AET) and heart rate
(HR) can be evaluated based on the outflow signal. An overview of
all used PWD parameters is provided in Table 5.1.

Table 5.1: Overview of the parameter abbreviations describing pulsed wave
Doppler measurements of ventricular in- and outflow, i.e., atrioventricular
valve (AV) flow and aortic valve (AoV) flow, respectively.

Parameter Unit Description

A peak mm/s Peak (maximum) value
of the atrial wave (ventricular inflow)

A VTI mm Velocity time integral
of the atrial wave (ventricular inflow)

A regurg mm/s Peak (maximum) value
of the atrioventricular valve regurgitation

E peak mm/s Peak (maximum) value
of the early wave (ventricular inflow)

E VTI mm Velocity time integral
of the early wave (ventricular inflow)

AET ms Aortic ejection time, i.e., the duration
the aortic valve is opened

NFT ms No flow time, i.e., the duration
the atrioventricular valve is closed

HR bpm Heart rate, either based on the peak
locations of the atrial or aortic wave

Ao peak mm/s Peak (maximum) value
of the outflow wave (ventricular outflow)

Ao VTI mm Velocity time integral
of the outflow wave (ventricular outflow)

Ao regurg mm/s Peak (maximum) value
of the aortic valve regurgitation
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Figure 5.1: Representative pulsed wave Doppler (PWD) measurements
of ventricular in- and outflow in adult zebrafish. A Schematic drawing
of a customized holder to stabilize the zebrafish during echocardiography
experiments. B 3D printed holder based on the schematic in panel A.
The holder is filled with water and the submerged zebrafish is stabilized
by the spongy clamps. The probe is oriented in an abdominocranial short
axis configuration at a 45° angle towards the abdominal wall for PWD
measurements. C Abdominocranial view with an indication of the Doppler
angle for PWD measurements of ventricular inflow. D Abdominocranial
view with an indication of the Doppler angle for PWD measurements of
ventricular outflow.
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Figure 5.2: Representative pulsed wave Doppler (PWD) measurements of
ventricular in- and outflow in adult zebrafish. Top: PWD inflow measure-
ment showing three cardiac cycles. Bottom: PWD outflow measurement
showing three cardiac cycles. A: atrial wave, E: early wave, Ao: aortic
wave, VTI: velocity time integral, regurg: regurgitation, AET: aortic ejec-
tion time, NFT: no flow time, HR: heart rate. Note that the indication
(in yellow) of HR in this figure actually corresponds to the time interval
(cardiac cycle duration) used to calculate the heart rate.

5.2.2 Zebrafish (Danio rerio)
The ultrasound data originates from experiments performed in a 1.5
year timeframe on N = 80 wild-type (AB background) animals (63
males and 17 females). The ages of the different groups range between
9 and 21 months. All zebrafish experiments were conducted in strict
accordance with the FELASA (Federation of European Laboratory
Animal Science Associations) guidelines and recommendations for
the care and use of laboratory animals. Full approval by the local
ethical committee was obtained and all applicable international, na-
tional and institutional guidelines for the care and use of animals
and the conduction of animal experiments, including the Directive
2010/63/EU, were followed.

5.2.3 Automated processing of pulsed wave Doppler
measurements

The DICOM data of the inflow (AV flow) and outflow (AoV flow)
PWD signals of all samples was imported in MATLAB (MathWorks,
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Natick, Massachusetts, USA) and processed with custom, newly de-
veloped algorithms. Below, we summarize the key aspects of the fully
automated algorithms to process PWD measurements of ventricular
in- and outflow (two separate algorithms). A simplified schematic
overview is presented in Figure 5.3. For all details on the procedure,
functions used and parameter settings, we refer to the code, includ-
ing comments to improve readability, which is openly available at
Zenodo.

Figure 5.3: Schematic overview of the custom developed algorithms to
automatically process adult zebrafish pulsed wave Doppler (PWD) measure-
ments of ventricular inflow (top half) and outflow (bottom half). Parameters
in green boxes are used in the current post-processing pipeline. Both for the
inflow and outflow processing algorithm, a representative PWD measure-
ment is shown top right and the traced signals and points of important are
overlaid on the bottom right images. Ao: aortic wave (ventricular outflow),
A: atrial wave (ventricular inflow), E: early wave (ventricular inflow), VTI:
velocity time integral, regurg: regurgitation, AET: aortic ejection time,
NFT: no flow time, HR: heart rate.

For the inflow measurement, the actual inflow signal is situated above
the zero line, i.e., the horizontal line visible in Figure 5.2 (top). On
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the signal below the zero line, immediately after the atrial wave, the
AV regurgitation peak can be detected. Note that (a part of) the
(aortic) outflow is often also visible on the signal below the zero line,
after the AV regurgitation peak of the ventricular inflow. In the in-
flow processing algorithm, the DICOM data is first (pre)processed
to trace and scale both the signal above and the signal below the
zero line based on gray value thresholding and common edge detec-
tion principles. For each point in time (horizontal axis), the signal
value (vertical axis) is searched row by row starting at the zero line.
To trace the signal, one of several conditions has to be met; either
comparing a single pixel to a gray value threshold or comparing the
average of multiple pixels (rows) to a (lower) threshold. All threshold
values are (for each sample) determined by the intensity of the first
pixels (rows) close to the zero line. Smoothing was applied to obtain
the final trace.

To start the actual extraction of points of interest, the A peak maxima
and afterwards also the beginning and end of all A peaks are detected
(i.e., the beginning and end of the atrial waves). HR and A VTI are
then calculated based on the detected points and available trace. The
aortic outflow peak maxima are detected on the signal of the inflow
measurement below the zero line (i.e., on the outflow traces visible
in the inflow recording), and afterwards also the beginning and end
of all outflow peaks are detected to calculate the AET. Next, the
regurgitation peaks A regurg (maxima) are detected below the zero
line in predetermined windows based on the end of the atrial wave and
the beginning of the AET. Next, switching again to the inflow signal
above the zero line, the E peak maxima are detected in predetermined
windows based on the end of the AET and the beginning of the A
peak. Afterwards also the beginning of the E peaks is detected. E
VTI and NFT can now be calculated based on the detected points
and available trace. Note that the initially obtained A peak and E
peak values are multiplied with correction factors of 1.05 and 1.10,
respectively, to compensate for the smoothing of (sharp) peaks during
the signal tracing. In total, eight AV flow parameters (A peak, A VTI,
A regurg, E peak, E VTI, HR, AET and NFT) are saved individually
per sample and per cardiac cycle to allow customized post-processing.

For the outflow measurement, the actual outflow signal is situated
below the zero line, i.e., the horizontal line visible in Figure 5.2 (bot-
tom). On the signal above the zero line, immediately after the aortic
wave, the AoV regurgitation peak can be detected. In the outflow
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processing algorithm, the DICOM data is first (pre)processed to trace
and scale both the signal below and the signal above the zero line
based on gray value thresholding and common edge detection prin-
ciples as described for the inflow measurement. To start the actual
extraction of points of interest, the Ao peak maxima and afterwards
also the beginning and end of all Ao peaks are detected. Ao VTI,
HR and AET can now be calculated based on the detected points
and available trace. Using the signal above the zero line, the regur-
gitation peaks Ao regurg (maxima) are detected in predetermined
windows around the end of the aortic wave. In total, five AoV flow
parameters (Ao peak, Ao VTI, Ao regurg, HR and AET) are saved
individually per sample and per cardiac cycle to allow customized
post-processing.

5.2.4 Manual processing of pulsed wave Doppler
measurements

Manually processed results of 24 out of the 80 samples, analyzed in
Vevo LAB (FUJIFILM VisualSonics, Toronto, Ontario, Canada) by
an experienced operator (L.C.), were used to quantitatively valid-
ate the automatically processed results. For these 24 samples, six
AV flow parameters (A peak, A VTI, A regurg, E peak, AET and
NFT) and three AoV flow parameters (Ao peak, Ao VTI and Ao
regurg) were manually evaluated and annotated in three consecutive
cardiac cycles, selected by the operator. All steps were performed
without knowledge of the automated processing results ensuring un-
biased manual processing.

5.2.5 Validation and comparison: automated versus
manual pulsed wave Doppler processing

The manually processed parameter values (nine PWD parameters,
all evaluated in 24 samples for three cardiac cycles per sample) and
the corresponding automated results were compared quantitatively.
R-squared values of the automated results with respect to a perfect fit
to the manual results as well as Bland-Altman (also known as Tukey
mean-difference) plots were calculated. In the Bland-Altman plots,
the average of the manual and automated result was used as inde-
pendent variable while the difference of the automated result minus
the manual result was taken as the dependent variable. For all 80
samples, a visual quality check of all automated results was performed
to evaluate the detection of the points and traces of interest.
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5.2.6 Statistics
Throughout this work, one-sample t-tests and two-sample t-tests
(both two-tailed) were used and correlations were always evaluated
using a Pearson’s correlation analysis. For all statistical tests, an
initial significance level α=0.05 was used but because in many cases
multiple hypotheses were tested, the Bonferroni correction for mul-
tiple testing was used to calculate the adjusted alpha-level according
to Eq. 5.1:

αadj = α

Ntests
(5.1)

where Ntests is the total number of tests part of a specific analysis
and αadj is the resulting adjusted alpha-level.

In several analyses and statistical tests, certain PWD parameters
were first normalized with respect to body surface area (BSA). BSA
was defined by Eq. 5.2:

BSA[cm2] = 8.46 · (Weight[mg]
1000 )0.66 (5.2)

as validated by [181] for fish similar to zebrafish regarding size and
shape. If a PWD parameter showed a significant correlation with
BSA, normalization with respect to BSA was performed for all (fol-
lowing) analyses. For each sample, a (dimensionless) BSA normaliz-
ation factor was calculated by dividing the sample BSA by the group
mean BSA. BSA normalized PWD parameters were obtained by di-
viding the original PWD parameter by the BSA normalization factor.

5.3 Results

5.3.1 Validation of automated pulsed wave Doppler
processing

Data from 24 samples was used to perform a validation study of
the automated workflow. First, all automated annotations on the
images were qualitatively (visually) validated and overall an excellent
accuracy was obtained. When evaluating the images, we saw that for
one sample the (start of the) early wave was very hard to distinguish
and this was also noted during the manual annotation performed by
an experienced operator. The NFT, E peak and E VTI values of this
sample were excluded both from the quantitative validation analyses
in the next paragraph and all following analyses. For one PWD
parameter, AV (in)flow based AET, the automated annotations were
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visually incorrect for a number of samples. For these samples, the
aortic ejection signal part in the inflow recording was very noisy or
only partially visible, as illustrated in Figure 5.6. Note that for these
recordings, also a manual AET annotation is not straightforward.

We also performed a quantitative validation study for nine PWD
parameters (Ao peak, Ao VTI and Ao regurg from outflow recordings
and A peak, A VTI, E peak, E VTI, A regurg, AET and NFT from
inflow recordings) based on the same 24 samples. Please note that the
fact at this point the AET values are based on the inflow recording
is important, since these values are also (and more clearly) available
on outflow recordings. Using the inflow recording was our standard
approach before this study as also the NFT is delineated on the inflow
recording and sometimes both parameters are combined to calculate
the myocardial performance index. In Figure 5.4, the relationship
between the manual result (independent variable) and automated
result (dependent variable) is displayed for nine PWD parameters.
Data from 24 samples is used and a total of 72 data points (cardiac
cycles) is plotted. The R-squared value is calculated with respect to
first quadrant bisector (diagonal black lines) for each comparison. In
Figure 5.5, Bland-Altman plots are displayed for the same parameters
and data points.

65



5. Pulsed wave Doppler annotation and analysis

Figure 5.4: Agreement between manually and automatically processed
parameters of both ventricular outflow adult zebrafish pulsed wave Dop-
pler (PWD) measurements (top row) and ventricular inflow PWD meas-
urements (middle and bottom row). In each panel, the diagonal black line
represents a perfect agreement and the R-squared values displayed at the
top of each panel were calculated with respect to this perfect fit. Ao: aor-
tic wave (ventricular outflow), A: atrial wave (ventricular inflow), E: early
wave (ventricular inflow), VTI: velocity time integral, regurg: regurgitation,
AET: aortic ejection time, NFT: no flow time.
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Figure 5.5: Bland-Altman plots to compare (differences between) manu-
ally and automatically processed adult zebrafish pulsed wave Doppler
(PWD) parameters of both ventricular outflow (top row) and inflow (middle
and bottom row). The average of the automatic and manual results is the
independent variable (horizontal axis) while the difference of the automatic
minus the manual result is the dependent variable (vertical axis). In each
panel, the central (thick) solid black line corresponds to the average dif-
ference, the outer solid black lines indicate the average difference plus or
minus 1.96 standard deviations of the difference. M: mean, SD: standard
deviation, Ao: aortic wave (ventricular outflow), A: atrial wave (ventricu-
lar inflow), E: early wave (ventricular inflow), VTI: velocity time integral,
regurg: regurgitation, AET: aortic ejection time, NFT: no flow time.

For the maximum values (Ao peak, Ao regurg, A peak, A regurg and
E peak), R-squared values between 0.90 and 0.97 were obtained and
for the velocity time integrals (Ao VTI and A VTI), R-squared values
of 0.97 and 0.95 were obtained. For the AET and NFT, the R-squared
values were 0.46 and 0.85, respectively. For the AET, a consider-
ably lower R-squared value was observed compared to all other PWD
parameters. This mismatch present for certain samples between the
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automated and manual annotations could (mainly) be allocated to in-
accurate automated annotations, often present in samples for which
the aortic ejection signal in the inflow recording was very noisy.

5.3.2 Reference data in wild-type adult zebrafish
After validation of the automated analysis pipeline, we applied it to
analyze the measurements of an additional 56 zebrafish, adding up
to a total of 80 samples, resulting in the analysis of 3839 cardiac
cycles from ventricular inflow measurements and 1643 cardiac cycles
from ventricular outflow measurements. The higher number of beat-
to-beat inflow measurements is due to the increased total length of
inflow PWD recordings (on average 19.0 seconds) as compared to
outflow recordings (on average 8.1 seconds). A part of the in- and/or
outflow recording of a limited number of samples was automatically
excluded and not analyzed due to insufficient or inconsistent measure-
ment quality. A qualitative (visual) accuracy check of the automated
annotations was performed for all samples, overall showing excellent
results for all PWD parameters except for the AV flow based AET.
We identified 14 samples for which the automated AV flow based AET
detection was insufficient (examples shown in Figure 5.6 but a fairly
good accuracy was observed for the remaining 66 samples. We have
made the automatically annotated images of our complete dataset as
well as a detailed numerical overview summarizing all automatically
evaluated PWD parameters together with age, sex, BSA and the time
difference between the start of the outflow and inflow recording for
all samples available at Zenodo.
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Figure 5.6: Examples of automatically annotated zebrafish pulsed wave
Doppler recordings of ventricular inflow for which the aortic ejection time
could not be detected accurately. Sometimes, the aortic outflow is very
noisy or barely visible on the inflow recording. All four of these samples
were excluded when comparing the aortic ejection time between inflow and
outflow recordings (a total of 14 out of the 80 samples were excluded).

5.3.3 Time effects
Figure 5.7 illustrates beat-to-beat variability commonly present in
the recordings. Qualitatively, the most pronounced variations were
observed for the duration of the early wave, HR and NFT but also
for other variables, substantial beat-to-beat variations are sometimes
present. Note that also in Figure 5.6 beat-to-beat variability is clearly
present.

69



5. Pulsed wave Doppler annotation and analysis

Figure 5.7: Illustration of observed beat-to-beat variations. Top half:
the blue signals depict two complete inflow recordings of approximately 20
seconds. The black bars indicate the part of the signal shown directly below
the boxed blue signal. Bottom half: the blue signals depict two complete
outflow recordings of approximately 7 seconds. The black bars indicate the
part of the signal shown directly below the boxed blue signal.
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We investigated whether HR and inflow and outflow peak values re-
mained stable (on average) throughout the (short) duration of a single
ultrasound recording (approximately 20 seconds for inflow recordings
and 7 seconds for outflow recordings). To this end, we evaluated the
PWD measurements as a function oftime, and one-sample t-tests con-
firmed that none of the slopes of the fitted trendlines (i.e., evolution
of A peaks, Ao peaks, atrial wave-based HR and aortic wave-based
HR over time in a recording) were significantly different from zero.

On a longer time scale, order of minutes, it can be expected that
anesthesia has an impact on cardiovascular parameters, especially
HR [163, 182]. Therefore, we examined to what extent the order
of and time in between the inflow and outflow PWD measurements
(available from the DICOM data) affects the PWD parameters that
were extracted from both recordings (AET and HR). We found that
HR mildly but significantly decreased between the two measurements
(taken approximately 1 minute apart) for one zebrafish, while no
significant correlation was observed between the time difference and
AET difference (Figure 5.8).

Figure 5.8: Difference in heart rate (HR, left panel) and aortic ejection
time (AET, right panel) defined as the values from the outflow recording
minus the values from the inflow recording of the same samples. In the
X-axis the time difference between the start of the inflow and the start of
the outflow PWD measurement is indicated. On average, a higher HR is
observed for the recording that was measured first and the HR difference
significantly correlates with the time difference between the start of the
inflow and outflow measurement (R = -0.46). The AET difference does not
significantly correlate with the time difference between the start of the inflow
and outflow measurement (R = 0.16). R: Pearson correlation coefficient.
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We also compared the values of (recording averaged) HR and AET of
inflow versus outflow recordings and one-sample t-tests revealed that
the mean difference was significantly different from zero for HR (N
= 80) but not for AET (N = 66 as only the samples with accurate
AV flow based AET were included). In subsequent analyses, AV
flow based HR was used if combined with other AV flow based PWD
parameters. Similarly, AoV flow based HR was used if combined
with other AoV flow based PWD parameters. The average of AV
flow based HR and AoV flow based HR was used if combined with
BSA, age or sex. For the aortic ejection time, AoV flow based AET
was used in all subsequent analyses.

5.3.4 Normalizing PWD parameters with respect to body
surface area

The maximum heights of the aortic wave, the aortic regurgitation,
the atrial wave and the atrial regurgitation (Ao peak, Ao regurg, A
peak and A regurg) all correlated significantly with the BSA of the
zebrafish measured (Figure 5.9) and were normalized with respect to
BSA for the rest of this study. The aortic ejection time, the different
velocity time integrals, the maximum height of the early wave, the
no flow time and heart rate (AET, Ao VTI, A VTI, E VTI, E peak,
NFT and HR) did not correlate with BSA (Figure 5.9).
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Figure 5.9: Distribution plots (N = 80 samples) of analyzed adult zebrafish
pulsed wave Doppler (PWD) parameters all plotted versus body surface area
(BSA). Pearson correlation coefficients (R) are displayed for all correlations
while the trendline is only shown for significant correlations. A significance
threshold αadj = 0.0045 was used after correcting for multiple testing (Ntests

= 11), corresponding to R > 0.315 or R < - 0.315 as the limit values for
significant correlations. Ao: aortic wave (ventricular outflow), A: atrial
wave (ventricular inflow), E: early wave (ventricular inflow), VTI: velocity
time integral, regurg: regurgitation, AET: aortic ejection time, NFT: no
flow time, HR: heart rate. Color legend - blue: male samples, red: female
samples.

5.3.5 Correlations between PWD parameters
A simplified overview of all correlations between different PWD para-
meters is provided in Figure 5.10 by mapping and dividing the R-
coefficients into five color levels. Next to correlations between differ-
ent PWD parameters also correlations with age are included.
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Figure 5.10: Overview of correlations between automatically analyzed
PWD parameters as well as age of the zebrafish (N = 80). Variables pre-
ceded by two asterisks (∗∗) were normalized with respect to body surface
area before the correlation analysis. A significance threshold αadj = 0.00076
was used after correcting for multiple testing (Ntests = 66), corresponding
to R > 0.369 or R < - 0.369 as the limit values for significant correlations.
Arbitrary correlation limits R = ± 0.5 were used to visualize the strongest
correlations. Ao: aortic wave (ventricular outflow), A: atrial wave (ventricu-
lar inflow), E: early wave (ventricular inflow), VTI: velocity time integral,
regurg: regurgitation, AET: aortic ejection time, NFT: no flow time, HR:
heart rate.

Age and A peak, age and A VTI as well as age and HR are correlated
positively.

Strong correlations were found between the maximum height and
velocity time integrals of the same waves (Ao peak-Ao VTI, A peak-A
VTI and E peak-E VTI all correlated positively). Significant positive
correlations were also observed between A regurg and both A peak
and A VTI, but not between Ao regurg and Ao peak or Ao VTI.
Also Ao VTI and A VTI are correlated positively but no correlations
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between Ao peak-A peak, Ao regurg-A regurg, A peak-E peak or A
VTI-E VTI were observed. All relations between the peak values,
regurgitation values and velocity time integrals mentioned in this
paragraph are displayed in detail in Figure 5.11.

Figure 5.11: Distribution plots (N = 80 samples) displaying the relation
between analyzed peaks and peak areas of adults zebrafish pulsed wave
Doppler (PWD) parameters. Pearson correlation coefficients (R) are dis-
played for all correlations while the trendline is only shown for significant
correlations. The presented correlations were analyzed as part of a larger
correlation analysis (Figure 8) thus the significance threshold was based
on the number of tests of the larger correlation analysis (leading to αadj

= 0.00076 which corresponds to R > 0.369 or R < - 0.369). Ao: aor-
tic wave (ventricular outflow), A: atrial wave (ventricular inflow), E: early
wave (ventricular inflow), VTI: velocity time integral, regurg: regurgitation.
Color legend - blue: male samples, red: female samples.

Next to the (expected) strong correlations between heart rate and
the aortic ejection time as well as between heart rate and the no flow
time (HR-AET and HR-NFT are correlated negatively), a number
of peak height and velocity time integral readouts were also found
to be dependent on HR. More specifically, the maximum peak of
ventricular inflow (HR-A peak) is correlated positively with HR, while
the velocity time integral of the early wave is correlated negatively
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with HR (HR-E VTI). The relations of all PWD parameters with HR
are displayed in detail in Figure 5.12.

Figure 5.12: Distribution plots (N = 80 samples) of analyzed adults
zebrafish pulsed wave Doppler (PWD) parameters all plotted versus heart
rate (HR). Pearson correlation coefficients (R) are displayed for all correl-
ations while the trendline is only shown for significant correlations. The
presented correlations were analyzed as part of a larger correlation analysis
(Figure 8) thus the significance threshold was based on the number of tests
of the larger correlation analysis (leading to αadj = 0.00076 which corres-
ponds to R > 0.369 or R < - 0.369). Ao: aortic wave (ventricular outflow),
A: atrial wave (ventricular inflow), E: early wave (ventricular inflow), VTI:
velocity time integral, regurg: regurgitation, AET: aortic ejection time,
NFT: no flow time, HR: heart rate. Color legend - blue: male samples, red:
female samples.

A numerical overview of all R-coefficients and p-values values result-
ing from the Pearson correlation analysis of this section is provided
in Figure 5.13.
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Figure 5.13: Overview of correlations between automatically analyzed
pulsed wave Doppler parameters as well as age of the zebrafish (N = 80).
Variables preceded by two asterisks (**) were normalized with respect to
body surface area before the correlation analysis. Values below the main di-
agonal represent the Pearson correlation coefficients (R) while values above
the main diagonal represent the corresponding p-values. A significance
threshold αadj = 0.00076 was used after correcting for multiple testing
(Ntests = 66), corresponding to R > 0.369 or R < - 0.369 as the limit
values for significant correlations (positive: lighter yellow, negative: lighter
magenta). Arbitrary correlation limits R = ± 0.5 were used to visualize
the strongest correlations (positive: yellow, negative: magenta). Ao: aor-
tic wave (ventricular outflow), A: atrial wave (ventricular inflow), E: early
wave (ventricular inflow), VTI: velocity time integral, regurg: regurgitation,
AET: aortic ejection time, NFT: no flow time, HR: heart rate.

5.3.6 Male-female differences
To evaluate the impact of sex on the PWD parameters, we compared
the per sample averaged results for each parameter between male and
female samples. We found that two parameters showed a significant
male-female difference: both the E peak and E VTI were significantly
lower in recordings from female zebrafish (Figure 5.14).
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Figure 5.14: Overview of the mean and standard deviation of the auto-
matically analyzed PWD parameters, calculated and grouped separately
for male and female animals. P-values are displayed for significant differ-
ences between male and female samples resulting from two-sample t-tests.
A significance threshold αadj = 0.0045 was used after correcting for mul-
tiple testing Ntests = 11). Error bars indicate plus or minus one standard
deviation. Ao: aortic wave (ventricular outflow), A: atrial wave (ventricu-
lar inflow), E: early wave (ventricular inflow), VTI: velocity time integral,
regurg: regurgitation, AET: aortic ejection time, NFT: no flow time, HR:
heart rate.

5.4 Discussion

We have developed a fully automated framework to analyze pulsed
wave Doppler measurements of ventricular in- and outflow in adult
zebrafish and used this to perform unprecedented in-depth analyses
of different PW Doppler parameters for a large number of zebrafish.

From a technical perspective, we applied standard gray-value and
gradient-based methods to the DICOM images of zebrafish PWD
measurements to detect contours of traces, and developed logical rules
to extract fiducial points and define timestamps. In our hands, the
used code works excellently and it is available to the community.
Alternatively, approaches based on artificial neural networks could
work equally well provided appropriate training of the chosen network
on a sufficiently large database. In fact, by using our fully automated
pipeline, a large number automatically extracted contours and points
of interest can be generated and used as input data for training and

78



5.4. Discussion

validation of neural networks. To support this, we have made the
automated annotations of our complete dataset openly available at
Zenodo Zenodo.

The combination of regression plots (Figure 5.4), Bland-Altman plots
(Figure 5.5) and the qualitative (visual) validation of all automated
annotations demonstrate a very good agreement between the manu-
ally and automatically obtained PWD parameter values. The best
agreement was found for the Ao peak, Ao VTI, A peak and A VTI
parameters (R-squared between 0.95 and 0.97). A very high agree-
ment was also found for the Ao regurg, A regurg and E peak para-
meters (R-squared between 0.90 and 0.95) and the slight decrease in
agreement can be explained by the fact that the regurgitation and
E peaks are typically much lower than the A and Ao peaks, result-
ing in a slightly larger effect of errors related to the pixel accuracy
of both manual and automated annotations. A good agreement was
also found for NFT parameter (R-squared of 0.85). AV flow based
AET is the only analyzed PWD parameter for which the accuracy of
the automated annotations was deemed insufficient, mainly caused
by the noisy or barely visible and not clearly bounded signal parts of
the AET on the inflow recording for some samples (Figure 5.6).

Regarding all quantitatively validated parameters, it is also worth
mentioning that not all differences between the automated and
manual annotations necessarily correspond to an error in the
automated annotation. In some cases, the signal quality only allows
a - to some extent - uncertain manual annotation. Moreover, even
if the signal quality was good and the annotations were performed
by an experienced operator, a trade-off always exists between
the accuracy of the manual annotation and time available for the
hands-on analysis.

The order of and the time in between the inflow and outflow meas-
urement of the same sample turned out to have an effect on the heart
rate values. To minimize confounded results due to anesthesia ef-
fects on cardiovascular performance [163, 182, 183], it thus does not
suffice to perform all ultrasound measurements within a certain time
window (usually below 3-5 minutes) but a fixed order of measure-
ments, part of a fully standardized protocol is needed. While this
may seem a fairly trivial recommendation, the order between the in-
flow and outflow signal is sometimes changed depending on which
signal is detected first to limit the per sample anesthesia time of the
total experiment. In our dataset, we found a significant difference
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between inflow and outflow based HR (even though measurements
were only taken approximately 1 minute apart). In general, we sug-
gest to use the outflow based heart rate when comparing with other
AoV (out)flow PWD parameters, to use the inflow based heart rate
when comparing with other AV (in)flow PWD parameters and to use
the average of both when analyzing the effect of biological variables
such as age, sex and body surface area.

Aortic ejection time and no flow time can be combined to calcu-
late the myocardial performance index and both time intervals are
usually indicated on the inflow recording [113, 183]. We found that
AoV (out)flow based AET can be used instead of AV (in)flow based
AET, which is considerably easier to annotate (both manually and
automatically) due to the sometimes noisy and only partially visible
AET signal part on the inflow recording.

We found that the Ao peak, Ao regurg, A peak and A regurg all
showed a significant (positive) correlation with BSA. We recommend
to normalize these parameters with respect to BSA for further ana-
lyses. Interestingly, BSA significantly influences peak heights (al-
though not the height of the E peak) but not the velocity time in-
tegrals of the aortic wave or atrial wave. A positive (not significant)
trend is still observed between BSA and Ao VTI or A VTI but this
relation is less strong than the correlations between BSA and Ao
peak or A peak because a negative (not significant) trend is observed
between BSA and the opening time of the aortic or atrioventricular
valve.

Also remarkably, our results suggest a (strong) significant negative
correlation between heart rate and E VTI but no correlation between
heart rate and E peak (maximum height) was observed. On the
other hand, a positive correlation between heart rate and A peak
(maximum height) was found but no correlation between heart rate
and A VTI was present. The E wave corresponds to passive ventricu-
lar inflow during the first opening of the AV valve and the A wave
represents the active filling of the ventricle due to the contraction of
the atrium, together determining diastolic function. A higher heart
rate thus mainly seems to reduce the ventricular inflow during the
early phase in zebrafish which is accompanied by a limited opening
time before the atrial contraction. Also the duration of the atrial
wave will (generally) be shorter at higher heart rates but the higher
peak flow values in this shorter time window result in a preserved ve-
locity time integral of the atrial wave (A VTI). No correlations were
observed between E peak and A peak or between E VTI and A VTI.
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In agreement with the study of Wang et al. [163], we observed a
significant male-female difference for the maximum height of the early
wave (E peak), with lower values for female zebrafish. Also for the
velocity time integral of the early wave E VTI (not analyzed by Wang
et al.), we found significantly lower values, thus representing lower
passive ventricular inflow, in female animals. It is important to note
that the (ratio of the) E wave and A wave clearly differ(s) between
humans and (zebra)fish. In humans but also in other mammals such
as mice, the E wave is higher than the A wave while the opposite is
true in (zebra)fish. This is likely caused by a much higher preload
in mammals compared to fish which explains the difference between
passive and active ventricular filling in humans and zebrafish. Despite
these differences, our findings can be crucial to evaluate zebrafish
models of impaired diastolic function adequately. The found male-
female differences in zebrafish agree with the known lower female
(compared to male) ventricular compliance in humans [184].

As mentioned, both regurgitation peaks (Ao regurg and A regurg)
correlate with body surface area but other correlations show remark-
able differences between the aortic wave regurgitation (Ao regurg)
and atrial wave regurgitation (A regurg). Also after normalization
with respect to BSA, positive correlations between A regurg-A peak
and A regurg-A VTI but no correlations between Ao regurg-Ao peak
and Ao regurg-Ao VTI were found. Instead, for the aortic outflow
regurgitation, a negative correlation Ao regurg-NFT was found while
no such correlation between A regurg-NFT was found. These find-
ings can become especially relevant when analyzing the regurgitation
in zebrafish models of cardiovascular disease.

The skewed distributions of the different age groups and male-female
ratios within these groups of our dataset could be considered as a
limiting factor. We have included all wild-type recordings that were
made within a 1.5 year timeframe to maximize the sample size of
our dataset. Only the recordings of two very heavy (most likely egg-
bound) female samples for which the body weights would be outliers
in our dataset were excluded. Older recordings (before the 1.5 year
timeframe) were also excluded to ensure that measurements were
performed by a single operator with sufficient experience. Some vari-
ability is to be expected due to different ages of the zebrafish used
in this study, but by applying a strict Bonferroni correction for mul-
tiple testing and by carefully interpreting the results of the complete
dataset, we aim to provide comprehensive yet still adequate findings
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and conclusions. The positive age-A peak correlation agrees with the
study of Wang et al. (18) but in general, the observed correlations
with age (age-A peak, age-A VTI and age-HR) should be confirmed
in experiments specifically designed for this purpose. In general we
suggest a study with fully balanced age and gender groups using the
automated analysis framework provided in this manuscript as a very
relevant future work study. Investigating the effect of the gravid con-
ditions on different parameters could also be included.

5.5 Conclusion

To summarize, we have developed a fully automated framework to
analyze pulsed wave Doppler measurements of ventricular in- and
outflow in adult zebrafish. All cardiac cycles within a recording can
be processed without any operator-dependent inputs. Our algorithms
were validated by comparing the automated results with manual an-
notations performed by an experienced operator and a high level of
agreement was found. An extensive reference dataset for different
pulsed wave Doppler based parameters in wild-type adult zebrafish
is provided. We highlight generally applicable aspects such as nor-
malization with respect to body surface area and report correlations
between different PWD parameter values as well as male-female dif-
ferences in wild-type zebrafish. This framework can be used for ad-
vanced, fast and unbiased phenotyping of zebrafish models of cardi-
ovascular disease, a promising and increasingly popular animal model
for (human) genetic cardiovascular diseases. Future results can be
compared with the wild-type reference data provided in this manu-
script.
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6
Cardiovascular CT-imaging and

3D reconstruction in adult
zebrafish

6.1 Introduction

Of all the available imaging techniques discussed in Chapter 4, syn-
chrotron CT-imaging was selected as the most promising technique
to obtain accurate anatomical and structural three-dimensional cardi-
ovascular information of the adult zebrafish, both for direct morpho-
logical phenotyping and as starting point for numerical simulations.
Although no reports with a dedicated focus on the adult zebrafish
cardiovascular structures are available, CT-imaging seems (one of
the few techniques) able to provide accurate three-dimensional car-
diovascular information in the adult zebrafish, especially beyond the
ventricle. To be able to distinguish the blood spaces and soft tis-
sues and to obtain as much details as possible of the (soft) tissue
structures, synchrotron phase-contrast CT-imaging will be used.

This chapter thus mainly investigates the use of synchrotron CT-
imaging to view and 3D reconstruct the cardiovascular system in
adult zebrafish. This research is structured into Methods 6.2, Res-
ults 6.3, Discussion 6.4, Conclusion 6.5 and Application 6.6 sections.
Finally, in section 6.7, both CT-imaging and synchrotron CT-imaging
in combination with casting of the zebrafish vasculature are discussed.



6. Cardiovascular CT-imaging and 3D reconstruction

6.2 Methods

6.2.1 Specimen preparation for synchrotron imaging
Tricaine in lethal dose (1 g L−1) was used to euthanize the fish. The
samples were first fixed in modified Davidson’s Fixative overnight
and subsequently fixed in 4 % paraformaldehyde. Some samples
were decalcified in citric acid. All samples were then stored in 70
% ethanol (EtOH). On the day of transport, samples were rehyd-
rated by subsequent changes to 50 % EtOH, 25 % EtOH and finally
phosphate-buffered saline (PBS). As the main cardiovascular struc-
tures of interest, being the ventricle, bulbus arteriosus and ventral
aorta in this case, are located near the zebrafish head, only the most
cranial part of the zebrafish was kept for most samples. A full body
scan was taken for two samples. Shortly before the scan, samples
were immobilized in 1.5 mL Eppendorf tubes filled with agarose gel.
All samples were oriented vertically in the Eppendorf tubes, heads
pointing upwards.

6.2.2 Sample overview
The presented results and discussions on synchrotron microCT ima-
ging of non casted zebrafish are based on a sample size of 19 zebrafish.
An overview is presented in Table 6.1. Also when referring to specific
samples in 7 and Chapter 8, the sample numbering provided in Table
6.1 will be used.

Additionally, more (non casted) samples (including zebrafish with
fbn2b and/or ltbp1 mutations) were scanned and pre-processed for
segmentation by this PhD thesis author but the actual segmentation
and analysis of these samples was performed by other PhD students
and master students. Also casted samples were scanned using syn-
chrotron microCT imaging (reported in Section 6.7).
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6.2. Methods

Table 6.1: Overview of included zebrafish samples scanned with synchro-
tron microCT imaging.

Sample number Wild-type Decalcification
#1 Yes Yes
#2 Yes Yes
#3 Yes Yes
#4 Yes Yes
#5 Yes Yes
#6 Yes Yes
#7 No (fbn1-/-) Yes
#8 No (fbn1-/-) Yes
#9 No (fbn1-/-) Yes
#10 No (fbn1-/-) Yes
#11 No (fbn1-/-) Yes
#12 Yes No
#13 Yes No
#14 Yes No
#15 Yes No
#16 Yes No
#17 Yes Yes
#18 Yes Yes
#19 Yes Yes

6.2.3 Synchrotron phase-contrast imaging
Propagation-based phase-contrast synchrotron X-ray imaging was
performed at the Paul Scherrer Institute in Villigen (Switzerland),
using the synchrotron Swiss Light Source. More specifically, all
experiments were performed at the TOmographic Microscopy
and Coherent rAdiology experimentTs (TOMCAT) beamline. In
Figure 6.1 panel a, the scan room setting is depicted. Initially, the
Eppendorf tubes were fixed onto the robot sample holder using wax
(Figure 6.1 panel b). Later on, to ensure faster and more reliable
mounting of the samples, custom-made 3D printed holders suitable
for the Eppendorf tubes were foreseen (Figure 6.1 panel a and c).

Initially, inspired by the scanning of mouse aorta samples at the same
beamline [185], the zebrafish samples were scanned at a monochro-
matic beam energy of 21.8 keV and object-detector distance of 250
mm. Different monochromatic beam energies (13 keV, 16 keV and
21.8 keV, 30 keV) and object-detector distances (50 mm, 100 mm and
250 mm) are also compared. In all experiments, the same LUAg:CE
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6. Cardiovascular CT-imaging and 3D reconstruction

20 µm scintillator and PCO.Edge 5.5 detector were used. Two dif-
ferent microscope objectives (UPLAPO 4x and UPLAPO 10x) are
compared.

Figure 6.1: (a) View of the synchrotron scan room while a sample is
mounted for scanning. (b) A full body sample showing the use of wax to
fix the Eppendorf tube. (c) A custom-made 3D printed holder suitable for
the used Eppendorf tubes. (d) The depicted cranial part of the zebrafish
includes the complete ventricle, bulbus arteriosus and ventral aorta. The
white cross indicates the center of the field-of-view (in one of the two planes)
aiming to center the bulbus arteriosus in this scan.

The tomographic reconstruction into image stacks was performed
onsite using the post-processing pipeline for tomgographic recon-
struction at TOMCAT [186]. In this pipeline, the Gridrec recon-
struction algorithm [187] is used to reconstruct the projections into a
stack of images (3D imaging data set). The effect of phase retrieval
as proposed by Paganin [188] was evaluated.

In all cases, the used scan modalities resulted in image stacks of 2160
slices (axially) of 2560 x 2560 pixels (in plane). The 4x magnification
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corresponds to an isotropic voxel size of 1.625 µm3 and a field-of-
view of 4.16 x 4.16 mm2 (in plane) x 3.51 mm (axial). For the 10x
magnification, these numbers scale linearly to an isotropic voxel size
of 0.65 µm3 and a field-of-view of 1.66 x 1.66 µm2 (in plane) x 1.4
mm (axial). Stitching of image stacks (also called image blocks) to
expand the field-of-view without having to reduce the resolution, is
possible.

6.2.4 Segmentation and 3D reconstruction
The segmentation and 3D reconstruction were performed using the
medical image processing software package Mimics (Materialise,
Leuven, Belgium). In this chapter, the tissue structures are not
differentiated from the blood spaces, but this differentiation will
be described in the next chapter. For decalcified samples, first, a
threshold interval was visually defined to include the cardiovascular
structures of interest. This also (unavoidably for the obtained
datasets) results in inclusion of neighboring structures (tissues)
in the mask and a region grow operation could not isolate the
structures of interest. Therefore, connections in the mask between
the structures of interest and neighboring tissues were manually
removed on a limited number of slices and the built-in 'multiple
slice edit' and 'interpolation' tools were then used to detach the
structures of interest completely. A mask of the structure of interest
could then be obtained by the region grow operation. Holes in this
mask were automatically filled by using the 'smart fill' tool before
generating the 3D volume. For non decalcified samples, similar steps
were followed but more manual operations were needed.

6.3 Results

6.3.1 Key cardiovascular structures in the adult zebrafish
Figure 6.2 and Figure 6.3 visualize several cardiovascular structures in
the adult zebrafish for a non decalcified sample (sample #14) scanned
at 21.8 keV, 250 mm object-detector distance and 4x magnification.
Paganin phase retrieval was used for the image reconstruction. Key
cardiovascular structures such as the ventral aorta, bulbus arteriosus,
ventricle and atrium can be identified clearly. The high attenuation
of bone structures results in the bright (white) appearance of bone
structures on the images and also causes high-density artifacts vis-
ible as dark, straight lines extending from the bone structures and
distorting the image.
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Figure 6.2: Image slices resulting of the synchrotron scan of a non de-
calcified sample mainly showing the ventral aorta (VA), afferent branchial
arteries (red arrows) gill vasculature and part of the bulbus arteriosus (BA)
immediately upstream of the ventral aorta. Black rectangles indicate high-
density artifacts extending from the bone structures. Sample #14.
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Figure 6.3: Image slices resulting of the synchrotron scan of a non decal-
cified sample mainly showing the bulbus arteriosus (BA), ventricle (V) and
atrium (A). Black rectangles indicate high-density artifacts extending from
the bone structures. Sample #14.
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6.3.2 Paganin phase retrieval
By visually comparing image stacks reconstructed without and with
Paganin phase retrieval, the observation was made that phase re-
trieval seems to improve the contrast of the images (slices) of res-
ulting images stacks. A representative example is shown in Figure
6.4. This non decalcified sample was scanned at 21.8 keV, 250 mm
object-detector distance and 4x magnification.

Figure 6.4: Left versus right: Representative images of synchrotron mi-
croCT scans reconstructed without (left) and with (right) phase retrieval.
Bones appear bright on the images. G: gills, V: ventricle, BA: bulbus ar-
teriosus. Sample #13.

In Figure 6.5, zoomed in views of the bulbus arteriosus of the same
sample are shown in all four image panels. The perceived effect of
Paganin phase retrieval is now also quantified via the display ranges
and pixel gray value distribution provided in the top right corner
of each image panel. In the top image panels, the display ranges
covers the complete range between the minimal and maximal pixel
intensity (gray value) of the data (16 bit image stack). The diagonal
line indicates that the image panels are shown according to the com-
plete display range but the narrow histograms peaks indicate that the
vast majority of pixels can be captured in a narrowed display range.
The display range was altered accordingly in the bottom images (see
diagonal lines as well as minimum and maximum values in the bot-
tom images). The greater width of the visible peak in the histogram
demonstrates quantitatively that reconstructing images with Paganin
phase retrieval improves contrast.
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6.3. Results

Figure 6.5: Left versus right: propagation-based phase-contrast images
reconstructed without (left) and with (right) phase retrieval. Both on the
left and right side, the top and bottom images contain the same information
but the display ranges, included in the top right corner of each image, differ.
Two bone structures are visible in these images, the bulbus arteriosus is
visible and also (part of) the bulboventricular valve and ventricle can be
seen at the bottom of the images. Sample #13.

6.3.3 Decalcification
The effect of decalcification of the sample prior to scanning is illus-
trated in Figure 6.6. This decalcified sample was scanned at 21.8
keV, 250 mm object-detector distance and 4x magnification. Pa-
ganin phase retrieval was used during the image reconstruction. Bone
structures no longer cause high-density artifacts resulting in an im-
provement of the image quality in soft tissue regions. An animation
showing many more 2D slices of this sample, focusing on the gill
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vasculature, ventral aorta, bulbus arteriosus, ventricle and atrium is
provided online.

Figure 6.6: Scanning of a decalcified sample showing the atrium (A), vent-
ricle (V), bulbus arteriosus (BA), ventral aorta (VA) and afferent branchial
arteries (black arrows). Scale bars: 500 µm. Sample #17.

6.3.4 Optimizing beam energy and object-detector
distance

Beam energy and object-detector distance (also called sample-
detector distance can be adjusted at the TOMCAT beamline. To
determine a suitable combination of beam energy and object-detector
distance for scanning of the major cardiovascular structures in
adult zebrafish, different combinations were compared. Figure 6.7
depicts the effect of varying beam energy at constant object-detector
distance while Figure 6.8 depicts the effect of varying object-detector
distance at constant beam energy.
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Figure 6.7: Synchrotron images of the bulbus arteriosus of the same
sample, each time scanned at the same object-detector distance (250 mm)
but at different beam energies (13 keV, 16 keV, 21,8 keV, 30 keV). Scanned
at 4x magnification and reconstructed with Paganin phase retrieval. Sample
#18.

Figure 6.8: Synchrotron images of the bulbus arteriosus of the same
sample, each time scanned at the same beam energy (16 keV) but at dif-
ferent object-detector distances (50mm, 100mm, 250 mm). Scanned at 4x
magnification and reconstructed with Paganin phase retrieval. Sample #18.

Two extra combinations, 13 keV - 50 mm and 21.8 keV - 100 mm
are depicted in the middle image panels in Figure 6.9 and Figure
6.10, respectively. In both figures, the left and right image panels are
shown for comparison and correspond to panels also shown in Figure
6.7 or Figure 6.8.
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Figure 6.9: Synchrotron images of the bulbus arteriosus of the same
sample scanned at 4x magnification and reconstructed with Paganin phase
retrieval. Sample #18.

Figure 6.10: Synchrotron images of the bulbus arteriosus of the same
sample scanned at 4x magnification and reconstructed with Paganin phase
retrieval. The combination of 21.8 keV and object-detector distance of 250
mm was selected as the best option (as highlighted in the red frame). Sample
#18.

Of the beam energy - object detector distance combinations presented
in Figure 6.7, Figure 6.8, Figure 6.9 and Figure 6.10, the combina-
tion 21.8 keV - 250 mm was selected (based on visual inspection) as
the best suited option for imaging of major cardiovascular structures
(e.g., the bulbus arteriosus).

6.3.5 Different microscope objectives (magnifications)
Two different microscope objectives (4x versus 10x magnification) and
corresponding voxel sizes (1.625 µm3 versus 0.65 µm3) are compared
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in Figure 6.11. A 4x scan (decalcified, 21.8 keV beam energy, 250 mm
object-detector distance, image reconstruction with Paganin phase
retrieval) is shown on the left and a 10x scan of the same sample
(decalcified, 21.8 keV beam energy, 30 mm object-detector distance,
image reconstruction with Paganin phase retrieval) is shown on the
right. The top image panels depict the complete field-of-view and
red boxes indicate the region of a zoomed in view shown in the image
panel below. As expected, the resolution of the 10x scan is higher
(visibly most clear by comparing the bottom image panels). On the
other hand, 3D reconstructions of the major cardiovascular structures
were not faster based on 10x image stacks.
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Figure 6.11: Left versus right: comparison based on synchrotron scans
using a 4x (left) versus 10x (right) objective. At the top, a complete 4x
(left) and 10x (right) image slice of the same sample are shown. In the
middle and bottom panels, zoomed in views of the top panel image are
shown. A red box correspond to the zoomed in view shown in the panel
below. Sample #2.

6.3.6 Segmentation and 3D reconstruction of major
cardiovascular structures in adult zebrafish

After decalcification of the sample prior to scanning, synchrotron
scanning at 21.8 keV, 250 mm object-detector distance, 4x magni-
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fication and using Paganin phase retrieval during the image recon-
struction, high-quality image stacks covering the complete bulbus ar-
teriosus and ventral aorta could be obtained in a single scan. Major
cardiovascular structures such as the ventral aorta, bulbus arteriosus,
ventricle and atrium could be segmented and 3D reconstructed semi-
automatically. A representative example illustrating the segmenta-
tion of the bulbus arteriosus and ventral aorta is shown in Figure
6.12, Figure 6.13 and Figure 6.14.

In Figure 6.12 the top slices are screenshots after importing the re-
constructed images in the segmentation software. The bottom slices
show the mask after thresholding. The structures of interest, in this
case the bulbus arteriosus (left image panel) and ventral aorta (right
image panel) are included in the mask but also (many) other struc-
tures have similar intensities and are included in the mask.

Figure 6.12: Segmentation (thresholding) of a decalcified sample scanned
at 21.8 keV and 250 mm object-detector distance. Paganin phase retrieval
was performed during the image reconstruction. Sample #2.
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The structures of interest in the mask were detached manually from
other structures included in the mask (top image panels in Figure
6.13). A region growing operation was used to obtain a mask only
including the structures of interest (bottom image panels in Figure
6.13).

Figure 6.13: Segmentation (detaching from neighboring structures and
region growing) of a decalcified sample scanned at 21.8 keV and 250 mm
object-detector distance. Paganin phase retrieval was performed during the
image reconstruction. Sample #2.

A smart fill operation was used fill the mask (top image panels in
Figure 6.14). The mask of the bulbus and ventral aorta is shown in
another image plane in the bottom image panels in Figure 6.14, both
before (left) and after (right) the smart fill operation. Using differ-
ent image planes during the segmentation can be helpful to obtain
accurate segmentations (e.g., including or removing a cardiac valve
in the mask).
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Figure 6.14: Segmentation (smart fill) of a decalcified sample scanned at
21.8 keV and 250 mm object-detector distance. Paganin phase retrieval was
performed during the image reconstruction. Sample #2.

Figure 6.15 visualizes a 3D reconstruction, resulting from the seg-
mentation reported in Figure 6.12, Figure 6.13 and Figure 6.14. Next
to the bulbus arteriosus and the ventral aorta, also the afferent and
efferent branchial arteries as well as the dorsal aorta is visualized.
Gill vasculature sprouting from the aortic arches was not included in
the segmentation or 3D reconstruction.
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Figure 6.15: 3D reconstruction showing the bulbus arteriosus (BA), vent-
ral aorta (VA) and dorsal aorta (DA). At one side, the efferent branchial
arteries were clipped for better overall visualization. Roman numbers I,
II, III and IV denote the 1st, 2nd, 3rd and 4th pair of afferent branchial
arteries (arches), respectively. The sample was decalcified, scanned at 21.8
keV and 250 mm object-detector distance and Paganin phase retrieval was
performed during the image reconstruction. Sample #2.

Also if decalcification is not performed, 3D reconstruction of major
cardiovascular structures is possible as illustrated in Figure 6.16. The
image quality of non decalcified samples in general necessitates more
manual operations which can result in a ’layered’ appearance of the
3D reconstruction, clearly showing in which image planes consider-
able manual operations were performed (Figure 6.16 - top). The
bottom image in Figure 6.16 shows the same 3D reconstruction after
smoothing.
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Figure 6.16: 3D reconstruction before (top) and after (bottom) smoothing.
Roman numbers I, II, III and IV denote the 1st, 2nd, 3rd and 4th pair of
afferent branchial arteries (arches), respectively. BA: bulbus arteriosus, VA:
ventral aorta, DA: dorsal aorta. The sample was not decalcified, scanned at
21.8 keV and 250 mm object-detector distance and Paganin phase retrieval
was performed during the image reconstruction. Sample #14.

6.4 Discussion

Suitable modalities for synchrotron phase contrast imaging of the
major cardiovascular structures in adult zebrafish are: (i) decalci-
fication of the sample prior to scanning, (ii) scanning at 21.8 keV
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beam energy, 250 mm object-detector distance and 1.625 µm3 iso-
tropic voxel size, and (iii) image reconstruction using Paganin phase
retrieval. The used scan and image reconstruction modalities agree
with earlier experiments on the mouse aorta performed at the same
beamline (TOMCAT) of the Paul Scherrer Institute ( [185]). The
field-of-view needed to capture the mouse aorta (ascending aorta and
aortic arch) is similar to the field-of-view needed to capture major
adult zebrafish cardiovascular structures. At the TOMCAT beam-
line, the 4x objective results in a field-of-view of 4.16 x 4.16 mm2 (in
plane) x 3.51 mm (axial) and this allows to capture, e.g., the atrium,
ventricle and bulbus arteriosus completely if the zebrafish sample is
oriented vertically (Figure 6.1 b and Figure 6.1 d). Within this field-
of-view, also the complete ventral aorta could sometimes be captured
together with the complete atrium, ventricle and bulbus (e.g., Fig-
ure 6.16) but in general capturing all four structures completely in a
single scan at 4x magnification was not possible (mainly limited by
the axial field-of-view of 3.51 mm). The in-plane field-of-view 4.16
x 4.16 mm2 is sufficient to capture all four of these structures but
note that this field-of-view in general does not include the complete
transversal cross section of the zebrafish (e.g., Figure 6.11 top left
image panel).

The synchrotron scan modalities agree with the guidelines to se-
lect the appropriate synchrotron-based phase contrast technique for
pre-clinical cardiovascular imaging as proposed in [189]. In [189],
the considered options are (i) propagation-based imaging and image
reconstruction without phase retrieval, (ii) propagation-based ima-
ging and image reconstruction with phase retrieval and (iii) grating
interferometry imaging. Synchrotron propagation-based phase con-
trast imaging with (Paganin) phase retrieval is proposed for applic-
ations where segmentation of continuous macrostructures (examples
in zebrafish being the complete ventricle, bulbus arteriosus or ventral
aorta) and the visualization of substructures (examples in zebrafish
being the substructures within the bulbar) is desired, which aligns
with the aims of our study. Visualization of the substructures within
the bulbar wall are desired to allow (future) detection of defects (e.g.,
microruptures) in zebrafish disease models. At that point, image re-
construction without phase retrieval can be considered to improve
resolution and/or to segment these (discrete) defects accurately. The
same synchrotron scan (acquisition) can be used, meaning that the
sample does not have to be scanned twice in order to obtain an im-
age dataset reconstructed with and without phase retrieval. Note
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that in our zebrafish study, we did not analyze the resolution or the
contrast-to-noise ratio in detail but the reported visual observations
are supported by the data presented in [189].

Scanning at higher magnification improves the resolution but also
limits the field-of-view. The complete bulbus arteriosus can be cap-
tured within a single scan at 10x magnification, corresponding to an
isotropic voxel size of 0.65 µm3 and field-of-view of 1.66 x 1.66 µm2

(in plane) x 1.4 mm (axial). A 4x scan was required prior to scanning
at 10x, since positioning of the sample for a 10x scan was based on
the position and corresponding images at 4x. In synchrotron exper-
iments focusing on the cardiovascular structures of adult zebrafish,
one thus has to decided whether or not scans at higher magnifica-
tion are also desired (resulting in longer duration of the experiment).
The acquisition time of a single scan was approximately 7 minutes
(time without image reconstruction). Scanning at higher magnifica-
tion should be considered especially if structural (micro)defects are
anticipated.

Segmentation and 3D reconstruction of key cardiovascular macro-
structures in adult zebrafish such as the ventricle, bulbus arteriosus
and ventral aorta is possible based on the obtained synchrotron image
datasets and the segmentation of these structures could be performed
largely automatic. Manual operations where however necessary, in
particular to detach the structures of interest from surrounding struc-
tures in between the ’thresholding’ and ’region growing’ segmentation
steps as explained in Subsection 6.3.6. The slices on which the manual
removal of mask regions was performed could be limited by using the
’interpolation tool’ available in Mimics. Also other structures such as
the ventral aorta, dorsal aorta or branchial arteries can be segmented
and 3D reconstruction but considerable manual operations to detach
these structures from surrounding or connected (in the case of gill
vasculature removal) structure are then needed. Also other struc-
tures such as coronary arteries or intersegmental vessels (visible in
full body scans) can be 3D reconstructed but considerable manual
operations are needed. Note that bone structures can be segmen-
ted easily (highly automatic), also after decalcification of the sample
prior to scanning.

In this study, agarose embedding was used but a different (plastic)
embedding protocol for synchrotron scanning of juvenile zebrafish was
reported in [153]. The research groups involved in this PhD study
aimed to replicate the (plastic) embedding protocol and a very limited
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number of samples was scanned at the TOMCAT beamline using
plastic embedding instead of agarose embedding but the image results
were (highly) unsatisfactory. Similar to [153], pink beam synchrotron
imaging can be considered in future work, which would reduce the
acquisition time per sample.

This study reports synchrotron imaging (solely) dedicated to the car-
diovascular structures in adult zebrafish. The described methodology
can be used both to generate geometry inputs for zebrafish-specific
finite element simulations (see also Chapter 7 and Chapter 8) and as
tool for three-dimensional morphological phenotyping (see also Sec-
tion 6.6).

6.5 Conclusion

Synchrotron phase contrast microCT imaging at 21.8 keV beam en-
ergy, 250 mm object-detector distance and isotropic voxel size of 1.625
µm3 can provide accurate 2D information and 3D reconstructions of
key cardiovascular structures such as the atrium, ventricle, bulbus ar-
teriosus, ventral aorta and dorsal aorta. Decalcification of the sample
prior to imaging and the use of Paganin phase retrieval during the im-
age reconstruction improve image quality and facilitate segmentation
of the resulting image stacks. Based on these modalities, major car-
diovascular structures such as the ventricle and bulbus arteriosus can
be segmented largely automatically and also structures such as the
ventral aorta and afferent branchial arteries can be 3D reconstructed
after combining several manual and automated operations.

6.6 Application: 3D morphological phenotyping of the
bulbus arteriosus

Synchrotron imaging and 3D reconstruction as described above can
be used to compare the overall morphology and appearance of bulbus
arteriosus in wild-type zebrafish versus mutant zebrafish. In the fol-
lowing preliminary study, 6 wild-type zebrafish (samples #1 to #6)
and 5 mutant fbn1-/- zebrafish (samples #7 to #11) were included.

All samples were decalcified during the sample preparation and
scanned at 21.8 keV, 250mm sample-detector distance and 4x
magnification. Reconstruction into image stacks was done with
the Paganin phase retrieval algorithm. On the 2D image stacks
resulting from synchrotron imaging, no differences regarding the
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(micro)structure of the bulbus arteriosus of wild-type versus mutant
fbn1-/- zebrafish were observed. Earlier comparison based on 2D
histology slides of wild-type versus fbn1-/- zebrafish also did not
show a (micro)structural cardiovascular phenotype [13].

For all samples, the bulbus could be captured completely in a single
scan. The segmentation of the bulbus based on the synchrotron image
stacks was fast as only a limited number of manual operations were
needed. The majority of manual operations were needed to detach
the bulbus from the ventricle.

Figure 6.17 shows the 3D reconstructions of the bulbus arteriosus in
wild-type zebrafish. Each time, two views of the same sample are
shown above each other. The bulbus structure was clipped shortly
before the first branching of afferent branchial arteries, visible as the
straight edges at the top (top row) or the right (bottom row). In
the bottom row, near the top edge of the structures, remnants from
the bulboventricular valve are visible. The rough surface shows that
limited to no smoothing or interpolations were required to obtain
these 3D reconstructions.

Figure 6.17: 3D reconstruction of the bulbus arteriosus in 6 wild-type
adult zebrafish based on synchrotron CT-imaging.

Figure 6.18 shows the 3D reconstructions of the bulbus arteriosus in
mutant fbn1-/- zebrafish, and the same views as in Figure 6.17 are
displayed. Identical observations as described for the wild-type 3D
reconstructions regarding the clipping, isolation and accuracy of the
3D reconstructions can be made.

After normalizing for body weight, no significant difference in (outer)
volume of the bulbus was found for wild-type versus mutant fbn1-/-
zebrafish. Visually, the ’streamlining’ of the bulbi seems different
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for mutant fbn1-/- samples compared to the wild-type samples, es-
pecially in the bottoms row view. In this view, the bulbi of fbn1-/-
appear more bulgy near the ventricular side (left) while the wild-type
bulbi overall appear more streamlined form the ventricular to aortic
side (right).

Figure 6.18: 3D reconstruction of the bulbus arteriosus in 5 mutant fbn1-
/- adult zebrafish based on synchrotron CT-imaging.

The results should be expanded (larger sample size) and quantified
by shape analysis. At this point, our results are not yet convincing
to suggest a (hypothesized) phenotype for fbn1-/1 zebrafish. The
results do however already illustrate how three-dimensional cardi-
ovascular reconstructions could enhance the phenotyping possibilit-
ies in adult zebrafish. The reported subtle observation would not
have been detected based on two-dimensional histology sections only.
Three-dimensional imaging and 3D reconstruction are indispensable
for comprehensive anatomical or morphological phenotyping.

6.7 Casting of the zebrafish vasculature

Casting here refers to injecting a liquid resin into the circulatory
system and allowing it to polymerize and harden. If the casting
technique is combined with corrosion of the soft tissue, a negative,
solid, resin replica of the hollow vasculature space remains. First,
CT-imaging of corrosion casts of the zebrafish vasculature is discussed
in 6.7.1. Second, both CT-imaging and synchrotron CT-imaging of
whole zebrafish after injecting of a contrast-enhanced casting agent
are discussed in 6.7.2.

6.7.1 Corrosion casting computed tomography
The work presented in 6.7.1 is based on the publication:
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Corrosion Casting of the Cardiovascular Structure in Adult Zebrafish
for Analysis by Scanning Electron Microscopy and X-ray Microtomo-
graphy (De Spiegelaere, W., Caboor, L., Van Impe, M., Boone, M.,
De Backer, J., Segers, P. and Sips, P., ANATOMIA HISTOLOGIA
EMBRYOLOGIA, 2020) [10].

The results presented below are limited to those involving original
contributions of this PhD thesis’ author.

Due to the small dimensions, vascular corrosion casting in adult
zebrafish is challenging. The methodology to successfully obtain a
corrosion cast of the zebrafish vasculature using the Mercox resin
can be found in [10]. Imaging of these corrosion casts, below called
samples, is now described.

The sample was scanned at the Ghent University Centre for X-ray
Tomography (UGCT) with the Medusa scanner. The Medusa scanner
is the re-designed version of the first UGCT sub-micron CT system,
which is described in [190]. The sample was scanned in traditional
cone beam mode, using a Photonic Science VHR detector with a pixel
size of 92 µm2, used in binning 4 mode. Octopus Reconstruction soft-
ware version 8.9.4.2 was used to obtain a stack of reconstructed TIFF
images at isotropic voxel size of 5.53 µm3. The casted cardiovascular
structure was segmented from this stack in Mimics 20.0 (Materialise,
Leuven, Belgium) using a conventional thresholding approach based
on the difference in grey values. As expected, the grey values where
rather binary, except from the graphite mould on which the sample
was mounted for imaging. The remaining graphite could be detec-
ted and separated from the cast structure during the segmentation.
The automatic thresholding approach already resulted in an accurate
segmentation which was then checked for irregularities. Minor flaws
were corrected using the interpolation tool of Mimics, and the sep-
aration of atrium and ventricle was performed manually, but overall
the complete segmentation was highly automated. The resulting 3D
volume was lightly smoothed (20 iterations, smoothing factor 0.2) and
shrinkage resulting from the smoothing operation was compensated.

As visualized in Figure 6.19, the resulting images and 3D reconstruc-
tion strikingly illustrate the morphological differences between the
lumen of atrium and ventricle, the former having a smooth surface
while the latter showed many indentations due to the strongly tra-
beculated nature of the ventricular endocardium. An animation of
this 3D reconstruction can be found online.
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Figure 6.19: Top row (left) - Reconstructed rendering of a micro-CT scan
of the zebrafish atrium (a) and ventricle (v). The sinus venosus (sv) can be
seen draining into the atrium. The branchial vein (b) runs laterally next
to the ventricle. The ventricle is color-coded in red, while the atrium and
the connected venous vessels are highlighted in blue. Asterisk marks the
injection site. Top row (right) - indication of different 2D views on the 3D
reconstruction. Bottom row - unsegmentated and segementated 2D views.
The same color coding as for the 3D reconstruction was applied. Adapted
from [10].

Accurate and fast segmentation of the luminal spaces can thus be
obtained using this methodology. However, a good end result re-
quires adequate equipment and an experienced operator to inject the
casting agent. Even in this scenario, the resulting cast is sometimes
fragmented. Since only a cast of the luminal spaces remains after
corrosion casting, all tissue information is lost. On the other hand,
compared to the synchrotron imaging based segmentations described
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earlier in this chapter, segmentation of the cast after micro computed
tomography imaging is straight forward and highly automated.

6.7.2 Contrast-enhanced casting computed tomography
The work presented in 6.7.2 is based on the publication:

From Corrosion Casting to Virtual Dissection: Contrast-enhanced
Vascular Imaging Using Hafnium Oxide Nanocrystals. (Goossens, E.,
Deblock, L., Caboor, L., Van den Eynden, D., Josipovic, I., Reyes
Isaacura, P., Maksimova, E., Van Impe, M., Bonnin, A., Segers, P.,
Cornillie, P., Boone, M., Van Driessche, I., De Spiegelaere, W., De
Roo, J., Sips, P. and De Buysser, K., SMALL METHODS, 2024) [11].

The results presented below are limited to those involving original
contributions of this PhD thesis’ author.

The drawback that all tissue information is lost with the corrosion
casting procedure explained in 6.7.1 is of course important. Histo-
logy imaging is not possible before nor after corrosion casting, while
to (biomechanically) phenotype zebrafish HTAD models, structural
(vessel wall) information is often indispensable. On the other hand,
the more automated segmentation of corrosion casts compared to the
segmentation of the blood volumes based on synchrotron data sets as
explained earlier is faster and returns more accurate 3D geometries
(e.g., of the ventricular cavity or gill vasculature).

Contrast-enhanced casting could combine advantages of casting and
synchrotron imaging for zebrafish cardiovascular imaging. Corrosion
of the sample is no longer necessary and the intact sample is scanned
in situ, after casting, using (synchrotron) microCT imaging. Syn-
chrotron scans of contrast-enhanced casted zebrafish using hafnium
oxide nanocrystals are shown in Figure 6.20.
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Figure 6.20: Synchrotron imaging of adult zebrafish. Cardiovascular cast-
ing with hafnium oxide nanocrystals was performed prior to scanning. The
bulbus arteriosus and atrium (left image) as well as the gill vasculature
(right) image are presented.

Figure 6.20 shows that both soft tissues and the contrast-enhanced
cast is visible on the resulting synchrotron images. On the other
hand, the casting is not optimal. For, e.g., the bulbus arteriosus and
atrium (Figure 6.20 - left image panel), the blood spaces were barely
filled. For, e.g., the gill vasculature (Figure 6.20 - right image panel),
the blood spaces were largely filled but varying pixel intensities were
observed in the scans and the cast also leaked out of the vasculature.

After further optimizing the experimental (contrast-enhanced) cast-
ing protocols, improved results were obtained. The cardiovascular
blood spaces could then also be 3D reconstructed highly automat-
ically after microCT or synchrotron microCT as reported, together
with all experimental details, in [11].
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7
Fluid dynamics and

biomechanics of the ventral
aorta in adult zebrafish

The work presented in this chapter, except for the application ex-
ample in 7.6, is based on the publication:

Fluid-structure interaction modeling of the aortic hemodynamics in
adult zebrafish : a pilot study based on synchrotron x-ray tomography
(Van Impe, M., Caboor, L., Deleeuw, V., Olbinado, M., De Backer,
J., Sips, P. and Segers, P., IEEE TRANSACTIONS ON BIOMED-
ICAL ENGINEERING, 2023) [8].

7.1 Intro

Phenotyping of cardiovascular structure and function extends beyond
(anatomical and functional) imaging, and should also address bio-
mechanical factors as indicators of aortic disease and as intrinsic com-
ponents of the mechano-biological environment within which patho-
physiological processes take place. WSS, i.e., the shear stress exerted
by the blood flow on the endothelial cells that line the vessel wall, as
well as the stress inside the vessel wall are key metrics [191–193].

Including biomechanical aspects is crucial for a comprehensive under-
standing of (defects in) the zebrafish cardiovascular system since the
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biomechanical and mechano-biological role may be equally import-
ant as the biological functions. The first studies on cardiovascular
biomechanics in zebrafish focused on the heart and described the em-
bryonic ventricular fluid dynamics [5, 6, 87, 88, 90, 95, 194, 195]. So
far, little is known about the biomechanical aspects of the aorta in
zebrafish. Different techniques such as micro particle image veloci-
metry, confocal microscopy and light-sheet fluorescence microscopy
can be used to describe blood flow and wall shear stress in the circu-
lation of developing zebrafish. Both in the work of Lee et al. [85] and
in the follow-up study by Choi et al. [86] an equivalent circuit model of
the caudal microvasculature was used to investigate the link between
atherosclerosis and low WSS. More recently, Roustaei et al. [196] also
focused on the (caudal) microvasculature and investigated the effect
of tail amputation and regeneration by using 4D CFD.

The novel zebrafish models of aortic disease will most likely direct
biomechanical research in developing zebrafish to the proximal cir-
culation as well. However, information on the cardiovascular fluid
dynamics and biomechanics in adult zebrafish is completely lacking.
Nonetheless, describing the aortic biomechanics in adult zebrafish
would be valuable to validate hypotheses generated at developmental
stages and to study progressive or late-onset conditions. In this study,
we have modeled the fluid dynamics and biomechanics of the ventral
aorta of adult zebrafish.

We applied synchrotron imaging in adult wild-type zebrafish, and
combined the synchrotron-based 3D reconstructions of the aorta with
in vivo high-frequency echocardiography measurements to set up both
CFD and FSI models. This framework can be used for novel and ad-
vanced phenotyping of adult stage zebrafish models of cardiovascular
disease, providing a deeper understanding of the mechano-biology of
the cardiovascular system of a model organism that is widely used
for the study of (the pharmacological treatment of) heritable cardi-
ovascular pathologies.

7.2 Methods

7.2.1 Zebrafish (Danio Rerio)
N = 5 male, wild-type, 13 months old adult zebrafish from an AB
background were used in this study. Zebrafish experiments were ap-
proved by the local ethical committee and conducted in strict accord-
ance with the FELASA (Federation of European Laboratory Animal
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Science Associations) guidelines and recommendations for the care
and use of laboratory animals and in compliance with the Directive
2010/63/EU. All applicable international, national and institutional
guidelines for the care and use of animals and the conduction of an-
imal experiments were followed.

7.2.2 High-frequency ultrasound imaging
Echocardiography measurements were performed with a Vevo 2100
ultrasound machine (FUJIFILM VisualSonics, Toronto, Canada)
and MS 700 linear array probe (FUJIFILM VisualSonics, Toronto,
Canada). This probe has a frequency range of 30 - 70 MHz and a
center frequency of 50 MHz. Tricaine methanesulfonate (MS-222)
was used as anesthetic. The fish were first anesthetized in a 1x
(0.16 g/L) tricaine solution and a new 0.5x (0.08 g L−1) solution
was used for anesthesia maintenance during the measurement. Color
Doppler and pulsed-wave Doppler measurements of ventricular in-
and outflow were recorded with the probe in an abdominocranial
short axis configuration at a 45° angle towards the abdominal
wall [162]. B-mode images were gathered using longitudinal
axis positioning of the probe over the midline of the zebrafish.
Before and in between measurements, solutions were placed in a
temperature-controlled water bath at constant temperature (28°C).
A custom-made holder (3D printed), filled with the 0.5x tricaine
solution and including spongy (submersed) clamps, was used to
stabilize the zebrafish during echocardiography. Processing of the
ultrasound measurements was performed in Vevo LAB (FUJIFILM
VisualSonics, Toronto, Canada) by an experienced operator.

7.2.3 Specimen preparation for synchrotron imaging
Directly after ultrasound imaging, a lethal dose of tricaine (1 g L−1)
was used to euthanize the fish. The samples were first fixed in mod-
ified Davidson’s Fixative overnight, subsequently fixed in 4 % par-
aformaldehyde and then decalcified in citric acid. All samples were
stored in 70 % ethanol (EtOH). On the day of transport, samples
were rehydrated by subsequent changes to 50 % EtOH, 25 % EtOH
and finally phosphate-buffered saline. As the main cardiovascular
structures are located near the zebrafish head, only the most cranial
part of the zebrafish was kept.

7.2.4 Synchrotron phase-contrast imaging
Propagation-based phase-contrast synchrotron X-ray imaging was
performed at the TOMCAT (X02DA) beamline of the Swiss Light
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Source (Paul Scherrer Institute in Villigen, Switzerland). Shortly
before the scan, samples were immobilized in 1.5 mL Eppendorf
tubes filled with agarose gel. All samples were oriented vertically,
heads pointing upwards and Eppendorf tubes were fixed onto the
robot sample holder using wax. Settings related to the beamline
(21.8 keV monochromatic beam energy) and tomography scan (250
mm object-detector distance, 1501 projections, LUAg:CE 20 µm
scintillator UPLAPO 4x objective, PCO.Edge 5.5 camera) were
optimized during earlier studies on mouse samples [185]. The
tomographic reconstruction into image stacks, including phase
retrieval, was performed onsite using Paganin's algorithm [188].
Image stacks of 2560 x 2560 pixels and 2160 slices were obtained.
At an isotropic voxel size of 1.625 µm3, this corresponds to a
field-of-view of 4.16 x 4.16 µm2 (in plane) x 3.51 mm (axial).

7.2.5 Segmentation and 3D reconstruction
To reduce computational processing load during the segmentation
and 3D reconstruction, images were first converted from 16-bit TIFF
to 8-bit JPEG files and the image stacks were downsampled from
2160 to 540 images. This decreased stack sizes from 27.65 GB to
0.47 GB while still allowing accurate 3D reconstructions. The result-
ing image stacks were semi-automatically segmented in the medical
image processing software package Mimics (Materialise, Leuven, Bel-
gium). First, aiming for a mask including both the aortic wall and
lumen, a threshold that showed a good trade-off between maximum
inclusion of blood spaces and tissue walls of interest and minimum
inclusion of neighboring structures was chosen. Then, using the built-
in 'multiple slice edit' and 'interpolation' tools, the regions of interest
were completely detached from surrounding structures. Holes in this
mask were eliminated by using the 'smart fill' tool and on the result-
ing 3D part, the operations 'wrap' and 'smooth' were applied iterat-
ively. Gill vasculature, sprouting from all pairs of afferent branchial
arteries, was not included. A second mask of the lumen only was
obtained by eroding the previous mask, hereby taking into account
the (major) differences in wall thickness (aorta versus branchial arter-
ies, regions more proximal or distal to the heart). Operations 'wrap'
and 'smooth' were applied again on the 3D part. Throughout the
whole segmentation process, local irregularities were manually cor-
rected as needed. Both 3D reconstructions (surfaces) were exported
to 3-Matic (Materialise, Leuven, Belgium) and uniformly re-meshed
into volume meshes to ensure accurate importation in the finite ele-
ment simulation software. The meshes used for the mesh sensitivity
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study, including the final mesh, were defined later in the simulation
software. There, the afferent branchial arteries were also clipped at
approximately 1/3rd of the total branch lengths while the beginning
of the aorta was clipped about 0.2 mm before the most proximal
branching region.

7.2.6 Blood flow modeling
Blood was modeled as a Newtonian and incompressible fluid with
density 1060 kg m−3 [5]. Lee et al. [197] reported a viscosity of 4.17 cP
for adult zebrafish but to take the Fåhræus-Lindqvist effect [198,199]
in the small aorta vessel into account, we estimated the viscosity value
based on Figure 2 in the work of Pries et al. [199]. A representative
diameter of 70 µm returns a viscosity of 2.2 cP, which was used in all
simulations. For one sample, blood was also modeled as a power-law
fluid defined by the parameters m = 2.2 cP and n = 0.9949 [197] to
allow a direct comparison with the baseline results. Laminar blood
flow through the ventral aorta was assumed, justified by the low
Reynolds number (Re ≈ 15) that was calculated based on the peak
inlet velocity ≈ 300 mm s−1, inlet diameter ≈ 0.1 mm, and mentioned
viscosity and density values. Body forces, including gravity, were not
taken into account. This allows to write the governing equations, i.e.,
the continuity equation 7.1, and the Navier-Stokes equations 7.2, in
following forms:

∇ · V⃗ = 0 (7.1)

ρf
∂V⃗

∂t
+ ρf (V⃗ · ∇)V⃗ = −∇p + ∇(µf (∇V⃗ + (∇V⃗ )T )) (7.2)

where ρf is the blood density, V⃗ the velocity vector, t denotes time,
p is the fluid pressure and µf the dynamic viscosity.

Mass flow (kg s−1) was specified at the inlet. Neither pulsed wave
Doppler signals nor cross section changes could be measured at the
inlet location. A pulsed wave Doppler measurement of ventricular
outflow is feasible but would not be suited as an approximation of
the true inlet signal because the buffering effect of the bulbus ar-
teriosus (the structure in between the ventricle and inlet location
in our model) should be taken into account. Therefore, the overall
shape of the used inlet times profile is a simplified version of the
profile in Figure 1 of Korsmeyer et al. [200] which describes ventral
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aortic flow in yellowfin tuna. Zebrafish sample specific measurements
of stroke volume, cardiac cycle time and the ratio of aortic ejection
time (AET) cardiac cycle time were used to define the inlet signals
completely. As an example, the applied inlet signal as well as the
pulsed wave Doppler recording of ventricular outflow for the same
sample are depicted in the right part of Figure 7.1.

Pressure at the outlets was defined by a purely resistive relation-
ship with the respective flow at that outlet. A total resistance of 2
mmHg s mm−3 was found assuming a rudimentary mean pressure of 1
mmHg and average flow rate of 0.5 mm3 s−1. Based on the regular ap-
pearance of gill vasculature, fairly equal flow splits were assumed and
this was obtained by applying resistances R, 2.5R, 4R and 3.5R at
the outlets of aortic arches I, II, III and IV, respectively. This is also
illustrated in the left part of Figure 7.1. R equals 7.74 mmHg s mm−3

considering the total resistance value and parallel connection of all
outlets. In CFD simulations, a no-slip condition was applied at the
remaining wall surface.
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Figure 7.1: The location of the ventral aorta is indicated in purple on the
zebrafish drawing (top) and a dorsal view of the ventral aorta (and bulbus)
is shown below this drawing. Resistive boundary conditions are applied at
the eight outlets in the model (same for all samples). Pulsed wave Doppler
measurements of ventricular outflow are feasible but clearly differ from the
assumed aortic inlet waveform due to the buffering effect of the bulbus
arteriosus. The bulbus (shaded) is not explicitly included in the model and
the actual inlet location and inlet mass flow boundary condition is depicted.
The indicated proximal and distal locations are central locations where flow,
pressure and cross section area are evaluated over time. Also pulsed wave
velocity (PWV) is calculated at these locations. The aorta geometry and
signals of sample #1 are shown.

During the first milliseconds of the simulations, a smoothed step func-
tion was used to ramp up the inlet signal from zero. The cycle-to-
cycle variations after two cardiac cycles were negligible and the second
cycle was post-processed to obtain the results. The CFD Module of
finite element software COMSOL Multiphysics v5.6 (COMSOL Inc.,
Stockholm, Sweden) was used for all simulations.
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7.2.7 Aortic wall and fluid-structure interaction modeling
In FSI simulations, also the aortic wall and its interaction with the
fluid domain was modeled, again using COMSOL multiphysics (CFD
Module, Nonlinear Structural Materials Module and Structural
Mechanics Module or MEMS Module).

The FSI problem was solved by using the Arbitrary Lagrangian-
Eulerian method. The governing equation to model the deforma-
tion of the aortic wall is based on the linear momentum conservation
principle, 7.3:

ρs
∂2U⃗

∂2t
− ∇⃗⃗σ = ρs⃗b (7.3)

where ρs is the density of the vessel wall, U⃗ , the displacement vector,
t denotes time, ⃗⃗σ is the Cauchy stress tensor and b the vector rep-
resenting body forces applied on the structure. As no (experimental)
reference data on the material properties of the aorta in zebrafish
was available, a density ρs of 1000 kg m−3 and incompressibility were
assumed [201]. The fairly simple and for biological tissue common
hyperelastic Neo-Hookean constitutive law was selected. The strain
energy density function W can thus be written as:

W = 1
2µLamé(I1 − 3) (7.4)

where µLamé is the second Lamé parameter or shear modulus (mater-
ial constant) and I1 is the first invariant of the right Cauchy-Green
deformation tensor. A shear modulus mu of 18 kPa was tuned to
obtain plausible diameter (volume) expansions. The percentual dia-
meter (volume) expansions from diastole to systole were assumed to
be similar to the data reported in [202] on tuna, also a teleost (but
much larger) fish. All inlet and outlet ends of the vessel wall were fully
constrained whereas the outer vessel wall surface was free to move.
Regarding earlier assumptions about blood flow modeling, the no-slip
boundary condition at the wall (CFD simulations) was replaced by a
coupled interface between the fluid and vessel walls (FSI simulations)
to satisfy the displacement and traction equilibrium. Again, the inlet
signal was ramped up from zero and two cardiac cycles were simu-
lated of which only the second cycle was post-processed to obtain the
results.
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7.2.8 Derived hemodynamic parameters
Next to basic metrics such as flow, pressure, wall shear stress and
principal stress inside the vessel wall, three specific derived hemody-
namic parameters, namely time-averaged wall shear stress (TAWSS),
oscillatory shear index (OSI) and pulse wave velocity (PWV) were
evaluated. TAWSS is defined as follows (7.5):

TAWSS = 1
T

∫ T

0
|τ⃗w|dt (7.5)

where T represents one cardiac cycle, τ⃗w, the instantaneous WSS
vector and t denotes time. The oscillatory shear index reflects the
pulsatile aspect of WSS and is calculated according to 7.6:

OSI = 1
2(1 −

| 1
T

∫ T
0 τ⃗wdt|

1
T

∫ T
0 |τ⃗w|dt

) (7.6)

PWV was calculated based on the Bramwell-Hill equation, 7.7:

PWV =
√

Amin

ρs

∆P

∆A
(7.7)

where Amin is the minimal luminal area, ρs the density of the vessel
wall, and ∆P and ∆A denote the difference between maximal and
minimal blood pressure and luminal area, respectively, during the
cardiac cycle.

7.2.9 Mesh and solver considerations
For sample #1, a complete mesh sensitivity analysis was conducted
with unstructured, corner refined boundary layer meshes of different
sizes (Figure 7.2 and Figure 7.3). Convergence was considered to
be achieved for the meshes of 444 716 elements (CFD) and 558 242
elements (FSI). The input parameters of these meshes were then used
to define the meshes of all samples, resulting in a similar number
of elements for all cases. A direct (PARADISO solver) and fully
coupled (Newton method nonlinear solver) scheme was used for all
simulations. A relative tolerance of 1e-3 was defined and time steps
were determined by the solver but at least one evaluation in every
0.002 s interval was enforced.
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Figure 7.2: Mesh sensitivity analysis for CFD simulations. Six meshes
of different size (18 935, 42 613, 138 939, 442 716, 763 938 and 1 197 699
elements) were considered and each time the relative error (expressed in %)
compared to the result for the most dense mesh of 1 197 699 elements is
shown. Results for individual points in the geometry at one specific time
point are shown to illustrate the mesh convergence. Convergence was also
validated for several time- and space-averaged metrics. The mesh of 442
716 elements (indicated in red) was selected as the final mesh. Using this
mesh size, a CFD simulation of two cardiac cycles roughly took 30 minutes
on a 64 GB RAM Intel Xeon CPU E5-1650 v3 @ 3.50GHz machine.
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Figure 7.3: Mesh sensitivity analysis for FSI simulations. Six meshes of
different size (30 848, 64 447, 188 432, 558 242, 996 185 and 1 632 339
elements) were considered and each time the relative error (expressed in %)
compared to result for the most dense mesh of 1 632 339 elements is shown.
Results for individual points in the geometry at one specific time point are
shown to illustrate the mesh convergence. Convergence was also validated
for several time- and space-averaged metrics. The mesh of 558 242 elements
(indicated in red) was selected as the final mesh. Using this mesh size, a
FSI simulation of two cardiac cycles roughly took three hours on a 64 GB
RAM Intel Xeon CPU E5-1650 v3 @ 3.50GHz machine.

7.3 Results

7.3.1 Synchrotron micro-CT based cardiovascular
structure and segmentation

All major cardiovascular structures, including the atrium, ventricle,
bulbus arteriosus and ventral aorta were clearly visible on the syn-
chrotron images (Figure 7.4). Also all four pairs of afferent branchial
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arteries could be identified. Gill vasculature sprouts in regular fash-
ion and in the end all afferent branchial arteries completely evolve
into the gill microcirculation.

Figure 7.4: Synchrotron imaging can be used to visualize and 3D re-
construct all major cardiovascular structures in adult zebrafish. Panels
a-h show equally spaced (325 µm) axial cross sections of the ventral aorta
(large arrowheads), afferent branchial arteries (small arrowheads), bulbus
arteriosus, atrium and ventricle. The asterisk in panel h indicates the aortic
valve region. Panel i shows the resulting 3D reconstruction with indications
of the locations of all cross sections. The ventricle, atrium and all four pairs
of afferent branchial arteries (named I-IV) are clipped in the 3D visualiz-
ation. VA: ventral aorta, BA: bulbus arteriosus, A: atrium, V: ventricle.
Scale bars: 500 µm.

Blood is then collected in the efferent branchial arteries, located dir-
ectly next to their afferent counterparts (not included in the 3D recon-
struction in panel i of Figure 7.4 but visible right above the afferent
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branchial arteries in panels a-e of Figure 7.4). For some samples, the
efferent branchial arteries could be tracked until the merge with the
dorsal aorta (not visible in Figure 7.4). Representative results for
the segmentation of the aortic wall and lumen are shown in Figure
7.5. For CFD simulations, only the lumen boundaries are used (red)
whereas for FSI simulations both the lumen boundaries and outer
vessel wall boundaries (yellow) are used. This way, the CFD geo-
metry and the fluid domain in the FSI geometry at time step zero
are identical.

Figure 7.5: Semi-automatic segmentation of the aortic vessel wall and
lumen. The outer boundary of the vessel wall is traced in yellow whereas
the inner boundary of the vessel wall, which is also the outer boundary of the
blood lumen, is traced in red. Six different cross sections of the same sample
are shown as a representative example. Panels a-f show cross sections of the
ventral aorta in proximal to distal order. Panel a shows a cross section
around the inlet location (end of the transition from the bulbus arteriosus
to the ventral aorta which is before the first branching region). Panel b
shows a cross section near the first branching region (branchial arteries III
and IV). Panel d shows the middle branching region (branchial arteries II)
whereas panel f shows the last branching region (branchial arteries I). Panels
c and e show the ventral aorta in non-branching regions. Scale bars: 100
µm.

7.3.2 Measurements of cardiovascular structure and
function

Table I provides a quantitative summary of both ex vivo structural
data and in vivo functional data of the five samples. Structural para-
meters (row 3-6) result from the synchrotron based segmentations
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and 3D reconstructions. Functional parameters (row 7-11) result
from high-frequency B-mode echocardiography measurements. The
reported heart rate corresponds to the (B-mode based) cardiac cycle
time measurement and cardiac output was calculated from the stroke
volume and heart rate values. Body weight and length (row 1-2) were
measured directly after the echocardiography experiments.

7.3.3 Hemodynamics of the aorta
For the sake of clarity, this results section mainly focuses on data
retrieved from the FSI simulations. CFD results are shown as well
but the similarities and differences with the FSI data are considered
in the discussion

7.3.3.1 Pressure, blood flow and pulse wave velocity
Pressure (mmHg), blood flow (mm3 s−1) and luminal area (mm2)
were evaluated around the middle of both straight segments of the
ventral aorta (called 'proximal' and 'distal' location as displayed in
Figure 7.1). Figure 7.6 depicts the time profiles of these metrics for
sample #1 at both locations.

Table 7.1: Quantitative summary of synchrotron-based structural cardi-
ovascular parameters and echocardiography-based functional cardiovascular
parameters.

#1 #2 #3 #4 #5

Body weight [mg] 216 290 191 187 230
Length [mm] 28 32 29 27 30
Aorta lumen vol. [10−3mm3] 25 51 36 34 33
Aorta wall vol. [10−3mm3] 15 22 19 16 15
Avg. wall thickness [µm] 9.14 9.53 8.34 11.65 8.89
Aorta lumen inlet [10−3mm2] 7.11 6.29 5.81 7.28 7.06
Stroke vol. [µL] 0.15 0.48 0.15 0.29 0.26
Total (cardiac) cycle [ms] 454 440 428 390 444
Heart rate [bpm] 132 136 140 154 135
Cardiac output [µL min−1] 19.7 65.91 20.5 44.1 35.3
Ratio AET/total cycle [-] 0.34 0.34 0.33 0.34 0.29
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Figure 7.6: A comparison of pressure, blood flow and luminal area time
profiles for sample #1 in CFD (solid lines) and FSI (dashed lines) simula-
tions. Black lines depict the profiles at the proximal location while red lines
are evaluated at the distal location. The rigid wall modeling in the CFD
simulations implies a constant luminal area over time and elevates pressure
compared to the FSI case. Flow at both the proximal and distal location
is almost identical for the CFD and FSI case and the small difference cor-
responds to a slight change in flow splits. Each time one complete cardiac
cycle is shown.

At the same locations, pulse wave velocity (PWV) was evaluated with
the Bramwell-Hill relationship (7.7). A PWV of 1.74 - 2.25 m s−1 (ob-
served range considering all 5 samples) was obtained at the proximal
location whereas a PWV of 1.89 - 2.09 m s−1 was obtained down-
stream at the distal location. For each sample, the time-averaged
mass flow splits (compared to the inlet mass flow) of all four pairs
of branchial arteries fell within the 20 - 31 % range. For sample #1,
a FSI animation of the flow throughout the complete cardiac cycle
is available online. Arrows in this video point towards the local flow
direction and both the color and length (on a logarithmic scale) of
the arrows represent velocity magnitude. Also CFD time profiles are
presented in Figure 7.6.

In Figure 7.9, oscillatory shear is presented by plotting the OSI and
peak OSI values of 0.007 - 0.059 were found. A comparison of the
WSS at systolic peak for the Newtonian versus the power-law fluid
model returned average and maximum differences of 3.32 % and 5.45
%, respectively. CFD results of the OSI are reported in Figure 7.10.

7.3.3.2 Wall shear stress
TAWSS is displayed in Figure 7.7 Surface-averaged TAWSS values of
2.52 - 5.49 Pa were obtained. A clear visualization of lowest TAWSS
regions is depicted at the bottom of Figure 7.7 by using a different
color scale. The 5th and 10th percentiles of TAWSS ranged between
1.44 - 2.91 Pa and 1.58 - 3.24 Pa, respectively. TAWSS CFD results
are reported in Figure 7.8. For sample #1, a FSI and CFD) animation
of WSS magnitude throughout the complete cardiac cycle is available
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online. Surface-averaged WSS at systolic peak was 5.71 - 11.47 Pa in
FSI simulations.

Figure 7.7: Time-averaged wall shear stress (TAWSS) in FSI simulations.
For each sample, two views are provided (a view of the ventral side on the
top row and a view of the dorsal side on the middle row). At the bottom,
the middle row is replotted on a different color scale to get a more clear
visualization of lowest TAWSS regions. Note the different color scale for
sample #3 in all rows as well as for sample #1 in the bottom row.
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Figure 7.8: Time-averaged wall shear stress (TAWSS) in CFD simulations.
For each sample, two views are provided (top row and middle row). At the
bottom, the middle row is replotted on a different color scale to get a more
clear visualization of lowest TAWSS regions. Note the different color scale
for sample #3 in all rows as well as for sample #1 in the bottom row.
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Figure 7.9: Oscillatory Shear Index (OSI) in FSI simulations. The OSI
can take values between 0 and 0.5 corresponding to a uni-directional flow
and reversing flow with no mean direction, respectively.

Figure 7.10: Oscillatory Shear Index (OSI) in CFD simulations. In gen-
eral, the OSI can take values between 0 and 0.5 corresponding to a uni-
directional flow and reversing flow with no mean direction, respectively.

7.3.3.3 Stress inside the vessel wall
First principal stress, evaluated at the inner vessel wall surface at
systolic peak, is shown in Figure 7.11. Peak values of 25 - 88 kPa
were obtained. For sample #1, an animation of first principal stress
at the inner and outer vessel wall surfaces throughout the complete
cardiac cycle is available online.
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Figure 7.11: First principal stress at systolic peak in FSI simulations. The
inner surface of the vessel wall is visualized. Note the different color scale
for samples #1 and #3.

7.4 Discussion

In this study we used ex vivo synchrotron imaging and in vivo high-
frequency echocardiography to set up unprecedented CFD and FSI
finite element models of the ventral aorta in adult zebrafish. Rel-
evant hemodynamic parameters such as flow, pressure, wall shear
stress related metrics and first principal stress in the vessel wall are
evaluated.

The general image quality of our synchrotron experiments agrees with
other studies that applied synchrotron imaging to juvenile and adult
zebrafish [151–153,175]. None of the other studies explicitly focused
on the cardiovascular structures and therefore the 3D reconstructions
of the aorta and aortic arches presented here provide a novel, useful
anatomical reference. Aortic arches II of sample #5 connect to the
aorta at different (asymmetric) locations. Apart from this remark-
able difference, the geometry of the ventral aorta segments and their
branching points is similar. A visual evaluation of the segmentation
(Figure 7.5) shows a good overall accuracy of the semi-automatic
segmentation approach. The thickness of the vessel wall was slightly
overestimated in some regions and this was tolerated to allow a semi-
automatic rather than a fully manual segmentation. Moreover, the
stiffness of the aorta greatly influences the mechanical behavior and
the slight overestimation of wall thickness in certain regions is likely
to be negligible compared to the simplifications and assumptions re-
garding material model and constants.

The distribution in the body weights of the zebrafish used for
synchrotron imaging reflects the natural biological variability. The
echocardiography-based measurements of stroke volume (0.15 - 0.48
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µ L) and heart rate (133 - 154 beats per minute (bpm)) fall within
the range reported in the literature [163]. Age and anesthesia (time)
also affect these values. Variability in simulated hemodynamic
results is present as well but the overall patterns of simulated
hemodynamic results agree well between different animals as can be
appreciated from for example Figure 7.7, Figure 7.9 and Figure 7.11.
Note that for some samples, the color scaling was altered to present
this similarity more clearly.

First, FSI fluid dynamics results are discussed. Although a direct
quantitative scaling of zebrafish to human flow field parameters is
difficult, we still compare the results with human and mice data to
put the observed order of magnitudes in context. Simulated mean
pressures at the distal location (1.25 - 3.03 mmHg) agree with the
mean pressure reported by Hu et al. (≈ 1.25 mmHg) [48] whereas
the simulated mean pressures at the proximal location (1.65 - 4.08
mmHg) are slightly higher. Obtained peak pressures at the prox-
imal (3.91 - 8.76 mmHg) and distal (3.00 - 6.79 mmHg) locations are
higher but still in the same order of magnitude compared to the vent-
ral aortic peak pressures reported by Hu et al. (≈ 2.16 mmHg) [48].
Experimental blood pressure measurements in zebrafish are challen-
ging because of the small vessel and chamber dimensions (long axis
ventricle ≈ 1 mm, inlet diameter ventral aorta ≈ 0.1 mm) and the
difficulty of applying a pressure servo null system invasively at these
sites. The report by Hu et al. in 3 month old zebrafish is the only
reference on arterial blood pressure in adult zebrafish that we could
identify. The same group showed that ventricular systolic and dia-
stolic as well as aortic peak pressures increase geometrically with age
during development [203] and later measurements by Kopp et al. [104]
in 2.5-3 days post fertilization (dpf) embryos are in line with their
reported values.

Recently, much higher peak ventricular pressures in 5 dpf zebrafish
were reported [204] whereas stroke volumes were comparable to the
measurements of [203] and [104]. This emphasizes the need for both
more longitudinal (throughout development until late adulthood) and
better documented (mentioning the precise measurement location in
the ventral aorta) pressure measurements in zebrafish. Overall, vent-
ral aortic pressures resulting from our model seem plausible and agree
with the reported order of magnitudes.

The evaluated wall shear stress related metrics (WSS, TAWSS and
OSI) revealed consistent patterns for all samples. TAWSS is lowest
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near the dorsal side of the branching regions (not considering the
aortic arches). Throughout the complete cardiac cycle, the instant-
aneous WSS pattern is very similar to the TAWSS pattern and only
differs in magnitude. WSS magnitudes at systolic peak are roughly
double the TAWSS values. Simulated WSS magnitudes are higher
compared to adult mice and humans and more similar to WSS mag-
nitudes observed in prenatal mice [205] or the human fetus umbil-
ical arteries [206]. Due to the different aorta geometry in zebrafish
compared to mammals, a comparison of overall WSS and TAWSS
patterns between species is difficult. The (branched) zebrafish aorta
geometry actually resembles, to some extent, the aorta and aortic
arches of the chick embryo and also WSS magnitudes of the same
order of magnitude are observed [207]. OSI patterns show that the
dorsal sides of the most proximal branching regions are also the loc-
ations with highest oscillatory shear. Some variability is present in
terms of the magnitude and size of this most proximal peak OSI re-
gion (especially for samples #2 and #4) but the general pattern is
consistent. Highest observed oscillatory shear regions thus largely
coincide with lowest wall shear stress regions. OSI magnitudes are
very low compared to, e.g., mice [208] and humans [209]. The very
low oscillatory shear may seem counterintuitive due to the presence
of several branching regions, but can be explained by the very low
peak Reynolds number (≈ 15) and associated highly laminar flow
behavior. Peak Reynolds numbers in the aorta of adult mice (≈ 350)
and humans (≈ 7500) are considerably higher which leads to more
disturbed flow regions.

For four out of five cases, pulse wave velocity was higher at the distal
measurement location compared to the proximal measurement loc-
ation. The values of approximately 2 m s−1 are of the same order
of magnitude as PWV in the healthy human and mouse aorta. In
our simulations, highest first principal stress locations in the vessel
wall are observed near the most proximal branching region. Around
and in between the connections of aortic arches III and IV, several
stress hotspots were found. First principal stress was also relatively
high near the middle branching region. The location of peak first
principal stress around the most proximal branching region is not
totally unexpected, but it is interesting to see such distinct and sim-
ilar first principal stress hotspots and patterns in all samples. Note
that some similarities can be observed between the overall patterns
of low TAWSS (Figure 7.7 5 bottom row), OSI (Figure 7.9) and first
principal stress (Figure 7.11). The highest values of first principal
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stress values are one order of magnitude below the values reported in
mice [193] and humans [210].

Comparing the flow results of FSI and CFD simulations, most key
findings agree with literature. Peak pressures are higher throughout
the model in CFD simulations because of the rigid lumen walls (Fig-
ure 7.6). Also (peak) instantaneous WSS and TAWSS are slightly
higher in CFD simulations whereas the overall patterns are almost
identical (see the video as well as Figure 7.7 versus Figure 7.8).
Several groups reported that OSI patterns and magnitude in both
mice [211] and humans [209] can differ considerably in CFD and FSI
simulations. No clear difference in the OSI patterns of CFD and FSI
simulations was observed, but OSI magnitudes were about one order
of magnitude lower in CFD simulations compared to FSI simulations
(Figure 7.9 versus Figure 7.10). Overall, CFD simulations can give
accurate qualitative information on the fluid dynamics. Whereas FSI
magnitudes of all metrics are likely to be more accurate, the increased
computational effort and uncertainty of several model parameters
(inlet and outlet boundary conditions, stiffness aorta vessel...) are
arguments in favor of CFD simulations if only the mentioned flow
related parameters are important. FSI simulations can still be ne-
cessary depending on the application, e.g., to quantify first principal
stress inside the vessel wall or to study disease conditions that affect
vascular wall properties.

Below, we discuss certain choices and assumptions and also address
the limitations of the current models and modeling approach. Syn-
chrotron micro-CT imaging was used in order to provide an optimal
combination of resolution and soft tissue contrast. Vascular corrosion
casting could allow to use traditional micro-CT instead of synchro-
tron radiation while a high level of detail showing, e.g., the trabec-
ulation of the ventricle [10], can still be obtained. Corrosion casting
however cannot be used to reconstruct the vessel wall geometry as all
tissue information is lost. On the other hand, corrosion casting could
provide fast segmentations of the CFD geometries and the obtained
3D reconstructions may actually be a (slightly) better representa-
tion of the in vivo intraluminal dimensions. The vascular corrosion
casting workflow [10] as well as our presented synchrotron imaging
workflow are intrinsically ex vivo procedures. MRI seems a promising
option to obtain in vivo three-dimensional geometries but remains
very challenging in zebrafish. Only for larger structures like the at-
rium, ventricle and bulbus arteriosus, the use of MRI was success-
fully reported [150, 174]. At this point, MRI nor 4D high-frequency
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echocardiography provides sufficient resolution to evaluate the de-
formation of the ventral aorta and aortic arches in adult zebrafish. If
imaging techniques become available that allow accurate 3D recon-
structions of in vivo measurements of the aorta structure, simulations
including pre-stress can be considered. Customized high-frequency
ultrasound set ups can be used to push resolution limits as recently
reported [159, 160] but require specialized material and staff. PWV
or motion mode (M-mode) ultrasound measurements in the ventral
aorta could become feasible in the near future and can then be used
to construct the inlet signal and to provide in vivo validation of sim-
ulation results.

A reduced zebrafish blood viscosity was used because the Fåhræus-
Lindqvist effect may play a prominent role. In small arteries (D <
0.3 mm), red blood cells tend to migrate towards the center of small
vessels and effective viscosity near the wall is more similar to the
viscosity of plasma [198, 199]. Although often accepted for mice and
humans, the assumption to model blood as a Newtonian fluid is not
trivial for zebrafish. In (adult) mice and humans, the compressible
effect of individual red blood cells is mostly negligible when look-
ing at the whole blood suspension as vessel diameters are usually
large compared to blood cell diameters. However, for the zebrafish
circulation, red blood cell diameters tend to approach (some) vessel
diameters which could make blood viscosity more shear rate depend-
ent and therefore non constant. Two arguments make the constant
viscosity assumption (Newtonian fluid) in our models still reasonable:
(i) only large vessels of the zebrafish circulation were included in our
simulations and (ii) Lee et al. [197] demonstrated that blood viscos-
ity in adult zebrafish stays fairly constant over the vast majority of
shear rates encountered during the simulations. This is also reflected
by the small WSS differences (at systolic peak) for the Newtonian
and power-law fluid model.

Explicit validation of several assumptions is difficult at this point, in-
cluding viscosity modeling, outlet flow splits and material model and
constants of the vessel wall. If the modeling workflow is consistently
used, e.g., to compare different pathological conditions, valuable res-
ults can be obtained nonetheless. Although some biological variabil-
ity has been incorporated in this study by using different geometries
and inlet boundary conditions, a systematic sensitivity analysis in-
cluding more (modeling) parameters should be considered in future
studies. In future work, also several zebrafish models of heritable
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thoracic aortic disease will be compared with the presented wild-
type baseline data. In addition, other cardiovascular structures such
as the bulbus arteriosus will be modeled explicitly. Ongoing advances
in zebrafish echocardiography and MRI will also provide more in vivo
validation options.

7.5 Conclusion

In summary, we have shown that modeling the cardiovascular fluid
dynamics and biomechanics in adult zebrafish is feasible. Synchrotron
imaging can provide accurate three-dimensional reconstructions of
the main cardiovascular structures, which is complemented by high-
frequency ultrasound measurements to provide additional informa-
tion on in vivo blood flow characteristics. This study provides the
first reference values for multiple key biomechanical stimuli in wild-
type adult zebrafish, including wall shear stress and first principal
stress. The presented framework can be used for advanced cardiovas-
cular phenotyping of adult genetically engineered zebrafish models of
cardiovascular disease, showing disruptions of the normal mechano-
biology and homeostasis. This way, biomechanical phenotyping in
zebrafish is no longer limited to the developing stages, as earlier re-
ported, and also progressive or late onset conditions and phenotypes
can be investigated. By providing a pipeline for image-based animal-
specific computational biomechanical models in zebrafish, a model
organism that is increasingly used for the study of heritable cardi-
ovascular pathophysiology, this study contributes to a more compre-
hensive understanding of the role of altered biomechanics and hemo-
dynamics in cardiovascular pathologies.

7.6 Application: phenotyping a zebrafish model of
aortic dissection

The work presented in 7.6 is based on the preprint:

Early mechanisms of aortic failure in a zebrafish model for thoracic
aortic dissection and rupture. (Vanhooydonck, M., Verlee, M., Silva,
M. S., Pottie, P., Boel, A., Van Impe, M., De Saffel, H., Caboor, L.,
Tapaneeyaphan, P., Bonnin, A., Segers, P., De Clercq, A., Willaert,
A., Syx, S., Sips, P. and Callewaert, B., bioRxiv, 2024) [12].

The results presented below are limited to those involving original
contributions of this PhD thesis’ author.
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dissection

In smad3a-/-;smad3b-/-;smad6a-/-;smad6b-/- quadruple knockout
mutant zebrafish, a novel zebrafish model for thoracic aortic
dissection [12], a severe reduction of the diameter of several aortic
arches is observed, resulting in asymmetric branching patterns. The
fluid-structure interaction models of wild-type zebrafish, presented
in this chapter, were used in a preliminary study of the principal
stresses (inside the vessel wall) in the quadruple knockout zebrafish
model.

All five aortic geometries and all parameter settings as described in
this chapter were maintained except for the flow outlet boundary
conditions at the right aortic arches II, III and IV, which was set to
nearly zero (by heavily increasing the resistive boundary condition)
in order to mimic the vascular organization found in these quadruple
knockout mutant zebrafish.

Figure 7.12 displays both the principal stresses obtained in wild-type
zebrafish (top row, note that this is a repetition of Figure 7.11) and
the principal stresses obtained in simulations mimicking the quad-
ruple knockout mutant zebrafish blood flow (bottom row, note that
aortic arches II, III an IV are largely transparent in this case to in-
dicate the nearly zero flow through these arches).

These preliminary results definitely should be interpreted cautiously,
since no actual geometries nor flow profiles of SMAD quadruple
knockout zebrafish were used. On the other hand, this simplified
approach has the advantage that a direct and fair comparison with
the earlier obtained wild type results is possible. The principal
stress within the vessel wall was increased in all 5 mimicked SMAD
quadruple knockout cases, especially around branching regions
(Figure 7.12). Interestingly, histological and synchrotron imaging of
the aorta in the SMAD quadruple knockout model show wall damage
(medial elastolysis, aortic dissections and ruptures [12]) at these wall
regions exposed to high biomechanical stress. Further research based
on the modelling approach presented in this chapter, both including
simulations with actual SMAD quadruple knockout zebrafish
geometries and flow profiles and also comprising different stages
(e.g., before damage and at the onset of damage), will provide a more
comprehensive insight on the importance of altered hemodynamics
and biomechanics in smad3a-/-;smad3b-/-;smad6a-/-;smad6b-/-
quadruple knockout mutant zebrafish.
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Figure 7.12: First principal stress at systolic peak in FSI baseline sim-
ulations (top row, this is identical to Figure 7.11) versus FSI simulations
mimicking the flow in SMAD quadruple knock-out zebrafish.
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8
Biomechanics and fluid
dynamics of the bulbus

arteriosus in adult zebrafish: an
FSI proof-of-concept

8.1 Introduction

Next to investigations of the aorta, the (patho)physiology of the bul-
bus arteriosus in zebrafish is interesting from a translational view-
point, particularly for HTAD research. The position of the bulbus,
directly downstream of the ventricle, is similar to the location of the
aortic root in mammals, the latter providing the largest contribution
to the buffering capacity of the arterial tree [212].

In zebrafish disease models of (human) pathologies associated to aor-
tic root dilatation, abnormal function and dilatations of the bulbus
were observed [13,150].

Unfortunately, little details and experimental data on the zebrafish
bulbar mechanics have been reported. In other teleost fish such as
the yellowfin tuna, the behavior of the bulbus was studied experi-
mentally [200, 202, 213]. Yellowfin tuna, compared to zebrafish, are
much larger, develop much higher blood pressures and migrate over
large distances (tuna are described as high-performance fish in [213])
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possibly impacting their cardiovascular system and bulbus arteriosus
in particular. While it is clear that a conservation of the overall car-
diovascular characteristics from the yellowfin tuna to the zebrafish
cannot be guaranteed, information from these reports are still used
to set up the zebrafish models in this exploratory study.

Taking into account the current limitations, several options and pre-
liminary results for biomechanical modeling of the bulbus arteriosus
in adult zebrafish are reported in this chapter. For all simulations,
COMSOL Multiphysics® was used. This chapter consists of two
proof-of-concept (preliminary) studies (8.2.1 and 8.2.2) as well as a
short overall discussion and conclusion section (8.3). Both idealized
2D axi-symmetric geometries and synchrotron imaging-based 3D geo-
metries as well as different constitutive relations to mimic the struc-
tural behavior of the bulbar wall are considered in FSI simulations.

8.2 Proof-of-concept studies

8.2.1 2D axi-symmetric modeling
As mentioned in 2.3.2, the bulbus is pear-shaped and tapers towards
the ventral aorta. The gross structure of the bulbar wall follows the
classic three-layered aortic vessel structure, consisting of an intima,
media and adventitia. Figure 8.1 is presented to describe the struc-
ture of the bulbar wall.

Figure 8.1: Histological cross section of the bulbus arteriosus of differ-
ent zebrafish after Resorcin-fuchsine staining (left) and hematoxylin-eosin
staining (right). Luminal ridges in the luminal surface and subjacent tissue
are encircled in green and indicated by arrowheads, the coronary artery is
encircled in blue and the three different layers of the bulbar wall are en-
circled in red, spaced by white bars and numbered. BA: bulbus arteriosus,
B: (luminal) blood space. Images acquired at the Center for Medical Ge-
netics Ghent (left) and adapted from [48] (right).
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The ridged (or lobed) structure of the inner bulbar layer (encircled in
green in Figure 8.1) is present throughout the inner circumference of
the bulbus. The three different layers present in the bulbar vessel wall
are encircled in red, separated by white bars, and numbered 1, 2 and
3 (counting radially from the inner to the outer layer, respectively).

The innermost layer (denoted ’1’ in Figure 8.1) is referred to as the
intima and consists of a thin endothelial cell layer but mainly of
a subendothelium with collagen, fibrils, elastic fibers and smooth
muscle cells. These fibers are (predominantly) oriented longitudin-
ally, parallel to the direction of blood flow. The middle layer (de-
noted ’2’ in Figure 8.1) is referred to as the media. The middle
layer is denser compared to the inner layer and contains elastin fibers
predominantly arranged circumferentially [213]. Also smooth muscle
cells and collagen are present in the media (middle layer) [48]. The
outermost layer (denoted ’3’ in Figure 8.1) is referred to as the ad-
ventitia and contains most of the collagen while limited elastin is
present compared to the other layers [213].

Inspired by the above description of bulbar tissue structure, a sim-
plified 2D axi-symmetric geometry of the bulbus was constructed
for finite element modeling. In this simulation, the bulbar wall was
modeled as an anisotropic hyperelastic three-layered tissue using a
Holzapfel-Gasser-Ogden (HGO) material model [214]. For every hy-
perelastic material, the stress-strain relation can be derived from a
strain energy density function, commonly denoted by W . The HGO
material model models tissue as a fiber reinforced material, and the
strain energy density function W can be written as:

W = Wisotropic + Wanisotropic (8.1)

where Wisotropic here is the Neo-Hookean strain energy density func-
tion as described in Chapter 7. Wanisotropic can be written as the
sum of:

W4 = k1
2k2

(exp
(
k2(I4 − 1)2

)
− 1) (8.2)

W6 = k1
2k2

(exp
(
k2(I6 − 1)2

)
− 1) (8.3)

where k1 is a stress-like material parameter, k2 is a dimensionless
material parameter and I4 and I6 are the fourth and sixth invari-
ants of right Cauchy-Green tensor. These invariants introduce an-
other parameter describing the angle between the spiraling fibers.
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This HGO model thus requires 4 parameter values for every different
layer. Figure 8.2 visualizes (the fiber angle of) the anisotropic part of
the strain energy density throughout the bulbar wall. Based on the
earlier description of the (micro)structure of the bulbar wall, a lon-
gitudinal versus circumferential orientation were chosen for the inner
and middle layer, respectively.

Figure 8.2: Illustration of the fiber angle of the applied HGO material
model for the different layers of the bulbar wall. Top images: view from the
side. Bottom images: view from the top.

An FSI simulation was conducted and the two vessel wall surfaces
(consisting of three layers) perpendicular to the direction of blood
flow were fully constrained. A velocity inlet (a generalize pulsed wave
Doppler waveform) and pressure outlet (based on [48]) fluid boundary
conditions. Later, we noticed that the timing of the applied wave-
forms with respect to each other does not accurately describe the
physiological conditions of the bulbus. Also the (many) parameter
values for the HGO model should be reconsidered in future studies
since they were now unsystematically tuned in order to exhibit an r-
shaped pressure-diameter relation during static inflation, as described
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in [213]. Future simulations, ideally after in vivo measurement of bul-
bar pressure, outflow and luminal as well as outer wall expansion, are
needed. Still, the current proof-of-concept study demonstrates that
zebrafish-specific FSI modeling of the bulbus is feasible in COMSOL
Multiphysics®, also for large displacements (luminal expansion), and
an animation of the performed FSI simulation is provided onlineto
spike the curiosity of the reader.

8.2.2 Zebrafish-specific 3D modeling
If (regularly spaced) histological sections covering the complete bul-
bus are available, alignment of these stacks could be performed as
described in [12]. A 3D zebrafish-specific reconstruction of the bul-
bus is then feasible. In Figure 8.3, the transition from the bulbar
wall near ventricle (left) to the aorta (right) further downstream is
depicted. Note that the left image in Figure 8.3 and the left image
in Figure 8.1 visualize the same histological section.

Figure 8.3: Transversal histological sections. From left to right, the trans-
ition of bulbar to aortic structure is shown. Three layers can be identified
in bulbar tissue, with different (predominant) fiber orientations. The trans-
versal spacing is 165 µm between subsequent shown sections. BA: bulbus
arteriosus, B: (luminal) blood space, A: (ventral) aorta. Images acquired at
the Center for Medical Genetics Ghent.

Accurate 3D zebrafish-specific reconstruction is also feasible based on
synchrotron image stacks as described in Chapter 6. The synchro-
tron image stacks are inherently three-dimensional, the voxel size
is isotropic and the bulbus was completely captured in all of our
scans. Next to the segmentation of the outer tissue wall as described
in Chapter 6, fast manual segmentation of both the lumen and the
lobed (innermost) bulbar wall layer was feasible as depicted in Figure
8.4.
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Figure 8.4: Zebrafish-specific 3D reconstruction of the bulbar wall (as a
two-layered structure) as well as the blood lumen is feasible starting from
synchrotron image datasets.

Accurate zebrafish-specific 3D reconstruction of all three layers of the
bulbar wall is however difficult. Instead, the bulbar wall was modeled
as a 2-layered structure in this case (combining the middle and outer
layer).

An FSI simulation was conducted using velocity inlet and pressure
outlet fluid boundary conditions. The two (wall) surfaces around the
inlet and outlet were fully constrained and a stiffer material model
was applied for the outer vessel layer compared to the inner layer
(both layers were modeled as Neo-Hookean materials). Future simu-
lations, ideally after in vivo measurement of bulbar pressure, outflow
and luminal as well as outer wall expansion, are needed. Still, to spike
the curiosity of the reader and to demonstrate that zebrafish-specific
FSI modeling of the bulbus is feasible in COMSOL Multiphysics®,
and an animation of the performed FSI simulation is provided online.

8.3 Discussion and conclusion

Rather than providing accurate simulation results at this prelimin-
ary stage, the two proof-of-constant studies presented in Subsection
8.2.1 and Subsection 8.2.2 demonstrate the feasibility of biomechan-
ical modeling of the bulbus arteriosus but also identify (important)
current limitations. More in vivo measurements and reports of bulbar
pressure, outflow and luminal as well as outer wall bulbar expansion
are needed.

A workaround to obtain a 3-layered bulbar wall structure in zebrafish-
specific (synchrotron-based) geometries is assuming a constant thick-
ness of the adventitia. The adventitia can then be obtained by erod-
ing the outer wall. The (relatively) constant thickness of the adventi-
tia has been reported in [213] for larger teleost fish.
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HGO modeling is also possible for 3D zebrafish-specific geometries, if
fiber direction is made dependent on the centerline of the lumen. Fu-
ture improvements also include the use of contrast-enhanced casting
to obtain a better representation of the (ridged and lobed) lumen.

Once computational solid mechanics and fluid-structure interaction
models of the bulbus arteriosus have been set up using physiological
(validated) fluid boundary conditions, a combined (zebrafish-specific)
model of the bulbus arteriosus and ventral aorta should be considered.

In summary, this proof-of-concept study structures the first ideas to
model the bulbar biomechanics and hemodynamics. Preliminary FSI
animations showing, a.o., the displacement of the bulbar wall, are
provided.
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Each of the chapter in Part II included an individual discussion and
conclusion section, which will not be repeated here. The following
sections focus on this dissertation as a whole from a more general
viewpoint.

9.1 Advanced imaging for cardiovascular phenotyping
in adult zebrafish

Two imaging techniques have been used in this dissertation:
(high-frequency) echocardiography and synchrotron (phase-contrast)
micro-CT imaging.

High-frequency echocardiography provides in vivo functional inform-
ation but can only provide limited spatial (3D) information when ap-
plied to zebrafish. Synchrotron micro-CT imaging on the other hand
provides (anatomical) structural information (both in 2D and 3D) at
superior spatial resolution but was applied ex vivo. These two tech-
niques thus provide complementary information on the cardiovascu-
lar system of the adult zebrafish, both regarding direct cardiovascular
phenotyping options and as input for (finite element) biomechanical
simulations.

High-frequency echocardiography has been applied in many adult
zebrafish studies focusing on cardiovascular function [150, 158, 160,
162–164, 177, 178]. In this dissertation a framework is provided to
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automatically annotate and analyze a large number of pulsed wave
Doppler recordings of ventricular in- or outflow. The contribution
compared to the state-of-the-art is not an improvement of the ultra-
sound measurement (options) itself but rather a way to optimally use
all information present in adult zebrafish ultrasound recordings in a
fast and standardized (unbiased) manner. Furthermore, an unpre-
cedented in-depth analysis of (correlations between) different PWD
parameters was performed.

Synchrotron phase-contrast imaging was applied for the 3D recon-
struction of key adult zebrafish cardiovascular macrostructures. At
the same time, soft tissue microstructure information was also avail-
able from the synchrotron images. Compared to the work of Ding et
al. [153] where different synchrotron modalities where examined for
whole-body imaging of larval and juvenile zebrafish, we have shown
that synchrotron imaging can also be applied to adult zebrafish.
Our studies also identified and optimized imaging and segmentation
guidelines to visualize the cardiovascular system of adult zebrafish.
To segment and 3D reconstruct the (luminal) blood spaces, casting of
the sample can be performed either without contrast agent and fol-
lowed by a corrosion step or with a contrast agent (contrast-enhanced
casting). For the ventral aorta, an accurate 3D reconstruction of the
lumen could also be obtained by eroding the segmentation of the
outer vessel walls. An important remark is that ex vivo imaging is
performed and deformation of the blood lumen occurs. Injection of
the casting resin in vivo prior to ex vivo imaging could allow a more
physiological representation of the lumen of blood vessels.

Next to the direct use of the presented imaging frameworks for cardi-
ovascular phenotyping in adult zebrafish, the annotated pulsed wave
Doppler recording of Chapter 5 and the segmented microCT ima-
ging datasets of Chapter 6 could also serve as reference dataset for
artificial intelligence based methods regarding pulsed wave Doppler
annotation and CT image segmentation in adult zebrafish.

The presented imaging frameworks for echocardiography and syn-
chrotron microCT imaging should be seen as additions to the state-
of-the art cardiovascular imaging toolbox for adult zebrafish and com-
plement earlier described multimodal imaging modalities [150].

9.2 From imaging to biomechanical model

The biomechanical models presented in this dissertation make use
of both aforementioned imaging techniques: synchrotron imaging
148
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as input for the 3D geometry and high-frequency echocardiography
providing functional information (boundary conditions). In the pre-
liminary simulations of the bulbar biomechanics, histological data is
also used to define constitutive modeling options. Synchrotron scan-
ning still allows to use the same sample for later histological analysis.
While biomechanical characterization in adult zebrafish (see below) is
feasible based on the obtained imaging data, technical advancements
of adult zebrafish cardiovascular imaging modalities will further im-
prove modeling possibilities and relevance.

Taking the mouse as an example, considerable advancements have
been obtained in (mouse-specific) image-based biomechanical models
of the aorta during the last two decades. CFD simulations based
on corrosion casts of the mouse aorta [215] evolved into in vivo
micro-CT imaging to obtain more accurate (physiological) geomet-
ries [148] and the impact of different boundary conditions was invest-
igated [208]. Subsequently, the link between hemodynamic paramet-
ers and aneurysm formation in mice was investigated with a prom-
inent role for synchrotron imaging [216–218]. Synchrotron imaging
and synchrotron-guided histology was also found especially valuable
in the case of subtle (micro)defects [185,219].

9.3 Biomechanical characterization of the
cardiovascular system in adult zebrafish

Via CFD and FSI simulations, this dissertation provides the first
reference values for multiple key biomechanical parameters in the
ventral aorta of wild-type adult zebrafish, including wall shear stress
and first principal stress. Also the first (preliminary) results on bulbar
biomechanical modeling are reported.

The presented modeling framework can be used for advanced cardi-
ovascular phenotyping of adult genetically engineered zebrafish mod-
els of cardiovascular disease where we expect to find disruptions of
the normal mechano-biology and tissue homeostasis. The presented
biomechanical studies provide reference values for future comparis-
ons.

The biomechanical reports on adult zebrafish aortic biomechanics
and hemodynamics in this dissertation complement other reports
on biomechanics of the adult zebrafish aortic valve [220], on the
embryonic biomechanics of the zebrafish heart [5–7, 87–97, 99] and
on the biomechanics in the zebrafish vessel network of developing
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zebrafish [85, 86, 98]. Our study therefore ensures that biomechan-
ical phenotyping in zebrafish is no longer limited to the developing
stages, enabling investigation of progressive or late onset conditions
and phenotypes.

9.4 Application and clinical relevance

The next step is applying the presented advanced phenotyping
options to (genetically engineered) zebrafish disease models.
Examples were already provided in this dissertation, e.g., the
biomechanical phenotyping of the aorta of a zebrafish smad3/smad6
quadruple knock-out model of aortic dissection. Many more
applications are possible and the relevance of this dissertation is not
limited to HTAD but can be expanded to investigate drug induced
cardiovascular toxicities, atherosclerosis, congenital heart disease,
cardiomyopathies, cardiac valves and heart regeneration.

Combined with the ease of genetic manipulation (including preci-
sion medicine) and the time- and cost-effectiveness of the zebrafish
model organism, this dissertation further boosts the zebrafish as a
unique first-line model in cardiovascular research, including research
on the role of altered biomechanics and hemodynamics in cardiovas-
cular pathologies.

9.5 Limitations

Validation of the modeling results presented in this dissertation is
limited at this point. Many modeling inputs (e.g., boundary con-
ditions, constitutive material models and parameter values) reflect
(simplified) assumptions. Prestress in the cardiovascular tissues was
not included. The very limited data on mechanical characterization
of the tissues as well as blood pressure measurements also is a limit-
ing factor. The blood as a Newtonian fluid. Several modeling results
presented in Chapter 7 should therefore be seen as a baseline given
the described assumptions and modeling approach, allowing future
comparison with (i) similar simulations of zebrafish mutants and (ii)
cardiovascular simulations in wild-type adult zebrafish based on bet-
ter validated boundary conditions and modeling assumptions. The
assumption to model the blood as a Newtonian fluid could also be
regarded as a limitation.

Also the sample selection (including sample size, age distribution
and male-female ratio) could be seen as a limiting factor, especially
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in Chapter 5. More comprehensive results could be obtained by, e.g.,
balanced male-female ratios and age groups.

9.6 Future perspectives

Further (technical) improvement of the imaging modalities is anti-
cipated and will enable improved biomechanical modeling in adult
zebrafish as more validation options and more physiological input
data will become available. Regarding high-frequency ultrasound,
successors of the ultrasound machine and probes used for data re-
cording in this dissertation are already (commercially) available (e.g.,
VEVO 3100 and VEVO F2 ultrasound machines compared to the
used VEVO 2100 ultrasound machine). Improved ultrasound ima-
ging of the bulbus arteriosus, both in B-mode and PWD-mode could
boost image-based biomechanical modeling and 4D echocardiography
of the zebrafish heart could be (re)considered.

The combination of contrast-enhanced casting and synchrotron-
imaging is highly promising and could provide accurate, highly
automated segmentations of the luminal blood spaces and tissue
walls individually. The contrast-enhanced (ridged) lumen of the
bulbus will be of special interest for improved biomechanical
modeling of the bulbus arteriosus in adult zebrafish. To obtain
also casts of the vasculature distal to the gills, research on resin
formulation allowing to pass past the small gill capillaries is ongoing.

Reports on mechanical testing of the small zebrafish cardiovascular
tissues are lacking at this point but atomic force microscopy could
be considered in future studies. Additionally, improved validation
of the presented computational models would be enabled by more
pressure measurements (limited information is presented in [48]) and
improved ultrasound recordings, and both of these options are viewed
as realistic in the near/immediate future. A combined fluid-structure
interaction model of the bulbus arteriosus and ventral aorta can then
be considered.

Next to these technical perspectives, direct application of the imaging
and modeling frameworks to phenotype several zebrafish models of
cardiovascular disease (as already described in 9.4) form an (at least
equally) important future perspective.
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9.7 Take home message

Both embryonic and adult zebrafish can be considered as a valuable
model in cardiovascular research, not only in, e.g., biology or
biomedical sciences but also for biomedical engineering and bio-
mechanical research. This dissertation demonstrates that biomedical
engineering can enable novel cardiovascular phenotyping options
in adult zebrafish such as zebrafish-specific numerical simulations
of aortic biomechanics and hemodynamics. Zebrafish, a versatile,
cost-effective and genetically very interesting animal model, can
effectively contribute to a comprehensive understanding of the role of
cardiovascular biomechanics in (patho)physiological mechanobiology.
By improving the battery of cardiovascular phenotyping tools in
zebrafish as presented in this dissertation, a more comprehensive
and biomechanical characterization of zebrafish disease models
is feasible, which may ultimately facilitate the translation from
preclinical research to clinical application.
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