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The cardiac function relies on an intricate molecular and cellular three-
dimensional (3d) architecture of a complex, dense and co-dependent cellular 

network. Structural alterations of the cardiac structure can affect its essential 
function and lead to severe dysfunction of the organ. Cardiovascular diseases are 
the main cause of death worldwide with a rising incidence.
However, it is not possible to give a generalized answer how the heart is formed. 
Up to now, cardiac structure as well as physiologic and disease-related tissue 
alterations of the tissue are mainly investigated by established 2d imaging 
methods such as optical microscopy or electron microscopy.

This work presents a multiscale and multimodal X-ray imaging approach, which 
allows to probe the heart structure from the scale of entire intact murine hearts 
to the molecular organisation of the sarcomer structure.
While the molecular structure of the actomyosin complex is probed by scanning 
X-ray diffraction, the 3d arrangement of the cellular network is investigated 
by propagation-based X-ray phase-contrast tomography. In this context, 
the concept of 3d virtual histology of cardiac tissue by X-ray phase-contrast 
tomography using laboratory sources as well as highly coherent synchrotron 
radiation is being further developed.



 
 
 



Marius Reichardt 

Multiscale X-ray Structural Analysis of Cardiac Cells and Tissues  

 

This work is licensed under a Creative Commons  
Attribution-ShareAlike 4.0 International License. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-sa/4.0/


Published in 2022 by Universitätsverlag Göttingen 
as volume 28 in the series “Göttingen series in X-ray physics” 

 

 

  



Marius Reichardt 
 

Multiscale X-ray Structural 
Analysis of Cardiac Cells 
and Tissues  
 
 
Göttingen series in X-ray physics 
Volume 28 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Universitätsverlag Göttingen 
2022 



Bibliographic information  

The Deutsche Nationalbibliothek lists this publication in the Deutsche 
Nationalbibliografie; detailed bibliographic data are available on the Internet at 
http://dnb.dnb.de. 

Funded by the Max Planck School “Matter to Life” supported by the German Federal 
Ministry of Education and Research (BMBF) in collaboration with the Max Planck 
Society and the Cluster of Excellence - EXC 2067/1- 390729940 “Multiscale 
Bioimaging”. 

Address of the author 
Marius Reichardt 
Email: marius.reichardt@phys.uni-goettingen.de 
 
Dissertation 
for the award of the degree “Doctor rerum naturalium” 
of Georg-August-Universität Göttingen 
within the doctoral program  
“IMPRS for Physics of Biological and Complex Systems” 
der Georg-August University School of Science (GAUSS) 
 
Thesis Advisory Committee  
Prof. Dr. Tim Salditt, Institute for X-Ray Physics, Georg-August University, 
Göttingen 
Prof. Dr. Stefan Luther, Biomedizinische Physik, Max-Planck-Institut für Dynamik 
und Selbstorganisation, Göttingen 
Prof. Dr. Wolfram-Hubertus Zimmermann, Institut für Pharmakologie und 
Toxikologie, Universitätsmedizin, Göttingen 
 
Date of the oral examination: 11.10.2021 
 
 
 
This work is protected by German Intellectual Property Right Law.   
It is also available as an Open Access version through the publisher’s homepage and  
the Göttingen University Catalogue (GUK) at the Göttingen State and University  
Library (http://www.sub.uni-goettingen.de).   
The license terms of the online version apply. 
 
Setting and layout: Marius Reichardt 
Cover image: Marius Reichardt 

 
© 2022 Universitätsverlag Göttingen 
https://univerlag.uni-goettingen.de 
ISBN: 978-3-86395-536-6 
DOI: https://doi.org/10.17875/gup2022-1907 
ISSN: 2191-9860 
eISSN: 2512-6326 



Preface of the series editors 
The Göttingen series in x-ray physics is intended as a collection of research monographs 
in x-ray science, carried out at the Institute for X-ray Physics at the Georg-August-
Universität in Göttingen, and in the framework of its related research networks and 
collaborations. 

It covers topics ranging from x-ray microscopy, nano-focusing, wave propagation, image 
reconstruction, tomography, short x-ray pulses to applications of nanoscale x-ray imaging 
and biomolecular structure analysis. 
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individual monographs should be enhanced by putting them in the context of related 
work, often based on a common long term research strategy, and funded by the same 
research networks. We hope that the series will also help to enhance the visibility of the 
research carried out here and help others in the field to advance similar projects. 

Prof. Dr. Tim Salditt 
Prof. Dr. Sarah Köster 
Editors 
Göttingen June 2014 

Preface to the present volume 

Muscle contraction has fascinated biophysics from the beginning on. 

As in the time of Hermann von Helmholtz, muscle physiology bridges physics, life 
sciences and medicine, also today. The refined understanding in particular of heart 
muscle has to be built on quantitative modelling, which in turn requires multi-scale 
structural analysis, from the sarcomere to the entire organ.  

To this end, the current thesis has advanced X-ray diffraction and phase contrast 
imaging tools, using state-of-the-art synchrotron and laboratory X-ray setups. The 
progress achieved has already helped to address the pathophysiology of heart 
involvement in Covid-19.  

Find out how this works in this well-compiled and excellent cumulative thesis, and do 
not miss the enjoyable historical perspective on a topic close to our heart! 

 

Prof. Dr. Tim Salditt 
Göttingen, December 2021 
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Introduction 1
As the central part of the circulatory system of the human body, the heart is primar-
ily responsible for the distribution of oxygen and nutrients via the blood throughout
the body to enable the essential functions of muscles, the brain and other organs [1].
Through the cardiovascular system, a network of arteries and veins with a total length
of almost 100 000 km, the human heart pumps oxygenated blood from the left ventri-
cle through the aorta and smaller arteries in the capillary network. On the capillary
level, oxygen and nutrients are released and carbon-dioxide (CO2) and waste mate-
rials, such as creatinine (waste product of muscle activity) and urea (by-product of
protein and amino acid breakdown) are absorbed. Veins allow the back-transport of
the desoxygenated blood to the right atrium of the heart. From the right ventricle the
blood is pumped via the lung arteries into the capillary network of the lung. Here,
CO2 is released and new oxygen is absorbed. Oxygenated blood is then transported
back to the left atrium and the left ventricle, starting the next cycle.

An average human heart is formed by about 10 billion cells, has the size of a fist and
a weight of about 300 grams. The contractile force of a heart muscle cell, named car-
diomyocyte, is generated by molecular motors. The smallest contractile unit, the sar-
comere, is formed by an actomyosin complexwhich reduces its length during an action
potential-triggered, ATP consuming reaction. In a resting state, the humanheart beats
about 60 to 90 times per minute, resulting in approximately 100 000 heart beats per
day. Considering an average volume of 70 ml to 80 ml per beat, more than 7 000 liters
of blood are pumped through the body each day. The synchronized contraction of the
excitable cardiac tissue cells is controlled by the conduction system, which initiates
an electric signal in the sinoatrial node and coordinates the propagation of the action
potential through the heart. The continuous function of the heart during its entire
lifetime is essential for the proper maintenance of all vital organs. Small dysfunctions
or abnormalities can cause drastic changes and effects in the human organism. There-
fore, it is very important to understand the cardiac structure from the molecular level
up to the scale of the entire organ, as well as its function within the body.

The primary aim of this thesis is to develop imaging protocols to probe the entire cy-
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toarchitecture of cardiac tissue using X-ray techniques. To this end, the cardiac struc-
ture is investigated using a multiscale and multimodal imaging approach. The 3d
arrangement of the cellular network of the heart is investigated by propagation-based
phase-contrast X-ray tomography, while the molecular structure of the actomyosin
complex is probed by scanning X-ray diffraction. In this context, the concept of 3d vir-
tual histology of cardiac tissue by X-ray phase-contrast tomography is being further
developed. The data quality in terms of contrast, resolution and structural preserva-
tion is investigated for different sample preparation methods and image acquisition
schemes. Additionally, novel data analysis pipelines, including structural analysis
and feature segmentation, are presented.

This thesis is a cumulative dissertation consisting of an introduction followed by four
peer-reviewed manuscripts published in the context of my work [2–5] and a sum-
mary and outlook section. The introduction provides background information on
the research on cardiac structure, conventional imaging methods as well as X-ray
based imaging techniques. In the first publication, laboratory investigations of entire
murine hearts are presented, followed by investigations at higher resolution obtained
by synchrotron radiation.

In chapter 2 an experimental imaging approach for the investigation of entire murine
hearts by propagation-based phase-contrast tomographyusing a laboratory liquidmetal
jet source is presented [2]. In this context, the influence of sample preparation, includ-
ing paraffin embedding, heavy-Z element staining, dehydration of the tissue using
ethanol solutions and the Evaporation of Solvent method is compared. Further, the
arrangement of the cellular network is reconstructed by a novel approach to identify
local structural orientation and degree of alignment based on Fourier-analysis, as well
as by an established gradient based method.

The functionality of the algorithm is also confirmed by high resolution datasets ac-
quired at a synchrotron radiation facility, as presented in chapter 3 [3]. In this work,
the 3d murine heart structure was analyzed in a multiscale X-ray imaging approach
based on three different configurations set up at the Göttingen Instrument for Nano-
Imaging with X-Rays (GINIX) setup of the P10 beamline (DESY, Hamburg, Germany).
Overview scans of entire murine hearts are acquired using a cone beam illumina-
tion provided by Kirkpatrick-Baez-mirrors, before region of interest tomograms with
higher resolutionwere acquired in parallel beamgeometry. The sub-cellular structure
of cardiac biopsies was probed by a cone beam wave guide illumination.

The concepts of image acquisition and reconstruction explained in the previous chap-
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ters were then used to investigate histopathological changes of cardiac tissue structure
caused by influenza, typical coxsackie virus myocarditis or Covid-19 (see chapter 4)
[4]. Overview scans of tissue samples with a cross section of 3.5 mmwere acquired at
the laboratory liquid metal jet setup and the tissue structure was investigated based
on structure tensor analysis. Additionally, the synthesis of new vessels (angiogenesis)
was observed in severe cases of Covid-19. To this end, the vascular network of diseased
and control samples was segmented by a deep learning based approach and analyzed
by graph theory. By the formation of intraluminar pillars, small capillaries bifurcate
from an intraluminar intussusception of myofibroblasts, creating a core between the
two new vessels. The presence of intraluminar pillars was also observed using high
resolution cone beam CT.

Chapter 5 presents a proof-of-concept experiment, describing how the sub-cellular
structure of isolated cardiomyocytes can be analyzed by X-ray imaging techniques [5].
The 3d arrangement of myofibrils in a freeze-dried cell as well as the distribution of
mitochondria was determined by high resolution X-ray tomography. Additionally, the
actin network of the cell was investigated by confocal fluorescence microscopy. Fur-
thermore, X-ray diffraction experiments on isolated cardiomyocytes were performed
to probe the actomyosin lattice. Additionally to the structural analysis of freeze-dried
and chemically fixed cells, we investigated for the first time isolated cardiomyocytes
in living state.

The type of sample preparation, data acquisition and analysis schemes provided in
this work can help to investigate cardiac tissue affected by different cardiovascular dis-
eases. Furthermore, it allows for the analysis of the 3d structure of unstained formalin-
fixed, paraffin-embedded (FFPE) tissue. Thus, the histopathological tissue archives
of departments all over the world can be accessed and structural changes due to differ-
ent diseases (not only in respect to cardiac dysfunction) can be investigated, thereby
paving the way for better understanding of the body function.

1.1 Cardiac structure and (dys)function

Cardiovascular diseases (CVDs) are the main cause of death worldwide with a rising
incidence. While CVDs were responsible for less than 10% of the deaths worldwide
by the beginning of the 20th century, the number of CVD-related deaths increased to
over 30% by 2016 [6–8]. This corresponds to 17.9 million global deaths due to CVDs
in one year. The major share of these death (85%) is attributed to heart attacks and
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strokes [6].

Especially in high-income countries, where injuries, infections and nutritional defi-
ciencies play a minor role, almost 50% of all deaths are related to CVDs [9]. In Ger-
many, the leading cause of death in 2019 were CVDs with more than 330 000 deaths,
followed by about 231 000 deaths due to cancer [10].

There are many known causes that increase the risk of developing CVD, such as lack
of exercise, unhealthy diet, smoking, harmful use of alcohol as well as genetic reasons.
Additionally, the risk for CVDs can be reduced pharmaceutically by drug treatment
of diabetes, hypertension and high level blood lipids. However, there is no possibility
to eliminate the risk completely as of yet.

The increased survival rate for coronary artery disease and myocardial infarction due
tomedical progress goes alongwith a high number of patients suffering from ischemic
heart disease, including heart failure and fibrosis. Thereby, the structure of the heart
is irreparably damaged in the long term. Hence, treating the cause of CVDs efficiently
remains one of the biggest challenges to solve in today’s medicine. The life quality as
well as the life expectancy of millions of individuals could be improved while costs for
the health system could be reduced by a better understanding of the cardiovascular
system. To tackle this problem, it is essential to understand the underlying structure
of the heart.

Until now, the fundamental physiology of the heart, regardless of the influence of
diseases, is not completely understood. The exact arrangement of the complex, dense
and codependent cardiac network formed by cells of different types is still unknown
[11–13]. Hence, it is not possible to explain the contractile function of the human
heart in full detail, yet. Throughout history, many studies on the cardiac anatomy
were performed to improve the understanding of cardiac structure and function.

1.1.1 A brief history of cardiac anatomy

This section presents a summary of the historical development of cardiac anatomy
and function over the last 5000 years and is based on the following review articles
[14–17].

Figure 1.1 shows a timetable of the understanding of cardiac anatomy over the last
centuries.

First reports about the anatomy of the human heart date back to ancient Egypt around
3000 BC. Figure 1.1A shows a hieroglyph representing the heart with the main ves-
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1669 Richard Lower 1891 Ludolf Krehl

1942 Jane
Sands Robb

1980 Alfred Benninghoff
and Kurt Goerttler

2004 Francisco
Torrent-Guasp

1859 Henry Gray

~1500 Leonardo da Vinci~350BC Aristotle~3000BC Egyptians

BA C

FED

IHG

Fig. 1.1: Historic timetable of cardiac anatomy. (A) Hieroglyphic representation
from the ancient Egyptians [17]. (B) Drawing of the cardiac anatomy by Aristotle [15].
(C) Sketch of the heart by Leonardo da Vinci [15]. (D) Cardiac model by Richard
Lower [18]. (E) Text book figure of Henry Gray’s anatomy [16]. (F) Concept of a
“Triebwerk” by Ludolf Krehl [18]. (G) Jane Sands Robb’s model of the heart [18]. (H)
Cardiac fiber model of Alfred Benninghoff and Kurt Goerttler [18]. (I) Model of the
helical ventricular band by Francisco Torrent-Guasp [18].
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sels attached to the top of the organ. Already back then, the heart was considered the
central organic motor of the body. Egyptians believed the heart was responsible for
the transport of blood, air, urine and feces, as well as allocated human intelligence,
emotions and desire. Knowledge of the heart structure and function was still in its
infancy and mostly obtained from the mummification process and veterinary dissec-
tions. However, it enabled medical progress such as for example pulse-monitoring of
patients in the 17th century BC by correlating the heart rate to a water clock.

Next important information on human anatomy was delivered by the Greeks. After
Homer claimed the heart to be the source of bravery and human courage, noteworthy
historical figures such as Asclepios and Alcmaeon (a student of Pythagoras) started
to study the heart from an anatomical viewpoint. Around 460 BC an anatomical se-
ries of 70 books without any philosophical speculations, the Hippocratic Corpus, was
published by Hippocrates from the school of Cos. In the book titled “On the Heart”,
themacroscopic structure of the heart was described for the first time as a strongmus-
cle. The interventricular septum, semilunar valves and morphological differences be-
tween the thick-walled left ventricle and thinner right ventricle were described. Fur-
thermore, the atria were mentioned for the first time, though their function was mis-
interpreted as “ears” to capture air.

The next update on the cardiac anatomy was made by Aristotle around 350 BC, who
believed the heart to be formed by three chambers. He described the right and left
ventricle as well as a medial chamber, which can be related to the left atrium. Since
the right atrium is directly connected to the venae cavae, he did not consider it to
be a part of the heart. Within the right chamber, he identified sinews, later known as
“chordae tendinae”, connected to the papillarymuscles. He pictured that all chambers
were connected to the lung via “ducts” and that there was a connection between the
left and right ventricle. The idea of oxygen exchange in the lung and of a closed blood
circuit did not exist yet. Instead, the Greeks believed that the brain was the origin
of all blood vessels and that arteries narrow to become nerve fibers. This idea was
refuted around 300 BC by Erasistus, who identified a connection between arteries
and veins. He defined the heart as a double pump which distributes blood through
the right ventricle into the veins and pneuma (air and vital spirits) through the left
ventricle into the arteries.

In the Roman era around 130 AD, Claudius Galen discovered that arteries contain
blood. Further, he recognized fibers with different orientations (long, sectional and
diagonal) within the heart wall. However, he did not classify the heart as a muscle



1.1 Cardiac structure and (dys)function 7

since heart function is autonomously and cannot be moved voluntarily. He believed
that the heart is formed by two chambers. The left ventricle contained air and was
connected to the right ventricle by a diaphragm permeable for blood, allowing it to
flow in an ebb-flow motion from right to left ventricle through invisible holes in the
septum.

This assumption was state of the art in the western world until the 16th century, when
Leonardo da Vinci described the anatomy of the heart as we know it today: a four
chambered organ with two ventricles and one atrium on top of each ventricle includ-
ing the auricular appendages. He described the heart as a pump and identified the
spiral blood flow in the aorta near the aortic valve, but he could not conclude the di-
rected circular flow of the blood. He supported Galen’s assumption that the ventricles
are communicating by invisible pores and misjudged that the heart has the purpose
to produce “vital heat” by friction of the blood.

Matteo Realdo Colombo is credited to be the first who implied that air and blood mix
in the lung and the heart valves allow an unidirectional blood flow. Here, it is worth
noting that the idea of separated ventricles as well as an oxygen exchange in the pul-
monary circulation was already discovered in the 13th century in the Islamic area by
Ibn-Al-Nafis.

During the 17th century, research on cardiac function and anatomy continued. In
RichardLowerswork “Tractatus deCorde”, he described theheart as a four-chambered
fibrous muscular organ. He also described the contraction of myocardial fibers result-
ing in the blood flow from the heart to the lungs and back. In the first half of the
19th century, Wilhelm His and Johann Evangelist Purkinje discovered the conduc-
tion system of the heart, which enables a controlled contraction of the cardiac muscle
cells. Further, sub-cellular structures such as muscle fibers, striated myofibrils and
the cellular membrane (sarcolemma) were identified by Bowman in 1840 [19].

In the middle of the 19th century, it was assumed that all discoveries of the human
anatomy had been made. In this era many textbooks were published by renowned
physicians all over the world such as Jakob Henle (“Handbuch der systematischen
Anatomie desMenschen”), Xavier Bichat (“AnatomieGenerale”) andHenryGray and
HenryVandykeCarter (“GraysAnatomy”). Nevertheless, due to ongoing research and
new discoveries the textbooks had to be updated constantly. In October 2020, the 42th
edition of “Grays Anatomy” was released. Concerning the cardiac anatomy, most of
the open questions were related to the cardiac function and structural changes caused
by CVDs. For example, in 1891 Ludolf Krehl introduced the idea of a circumferential
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arrangement of cardiomyocytes in the middle layers of the left ventricle wall, called
“Triebwerk”, to provide a driving force for ventricular contraction. Following the idea
of a fiber-like alignment of cardiomyocytes, many other models were published in the
20th century. The lower part of Fig. 1.1 shows the models of Jane Sands Robb (1942),
Alfred Benninghoff and Kurt Goerttler (1980) as well as a more recent model of the
“helical ventricular myocardial band” by Francisco Torrent-Guasp [18].
Most of these models indicate that the muscle cells are arranged in a helical manner,
emerging from the apex spinning up to the base [18, 20] or also as a nested set of
warped “pretzels” [21]. So far, no model of the cardiac structure can explain its con-
tractile function in full detail. Another more recent approach is to describe the heart
as a complex network of cardiomyocytes which are arranged in a mesh of extra cel-
lular matrix [13, 22, 23]. A short summary of the current state of cardiac anatomy is
given in the next section.

1.1.2 Current state of cardiac anatomy

The cardiac function relies on an intricate, hierarchical molecular and cellular archi-
tecture. On the molecular scale actomyosin complexes form sarcomeric units, which
are arranged in elongated myofibrils within a single cardiomyocyte. Chains of my-
ocytes are embedded in connective tissue and form aggregation within a complex cel-
lular mesh supported by an extra-cellular matrix (ECM). The specific composition
and alignment of this network represents the foundation of the life-sustaining heart
function [11, 13].
A sketch of the cardiomyocyte blueprint is shown in Fig. 1.2. On the nanoscale, the
contractile force of the heart is generated by molecular motors composed of an acto-
myosin complex. The smallest contractile unit is called sarcomere [25–27]. An aver-
age sarcomere of a human cardiomyocyte has a length of about 2.2 µm in the relaxed
state and is composed of thick myosin filaments and thin filaments formed by actin,
troponin and tropomyosin. The structure of single actin and myosin filaments is well
understood. While the thick filaments are a composite of multiple myosin molecules
arranged in a helical manner with a distance of 14.3 nm between their head groups
and a periodicity of 42.9 nm, the thin filaments are composed of a single filamentous
actin (f-actin) strand. F-actin is a double helix of single actin molecules with an inter-
molecular distance of 0.55 nm and a periodicity of 35.75 nm. One sarcomere reaches
from one Z-disc to the next one. The area around the Z-discs contains thin filaments
and is called I-band [19, 28, 29]. The myosin rods are located in the A-band. The



1.1 Cardiac structure and (dys)function 9

d(1,0)

d(1,1)

A

m
yo

sin

f-A
ct

in

M
 li

ne

Z d
isc

A-bandI-band

H-zone

I-band

m
yo

si
n

heavy tails light tails

globular head:
ac�n + ATP binding site

co
ss

 s
ec
�

o
n

ac
�

n tropomyosin
troponin-complex

42.9 nm 14.3 nm

35.75 nm

0.55 nm

sarcomere

microtubules

gap junctions

desmosomes

nucleus

blood vessels Golgi apparatus

mitochondria

myofibrils

intercalated
discs

B

sa
rc

o
m

er
e

ac
to

m
yo

si
n

co
m

p
le

x

Fig. 1.2: Sketch of the cardiomyocyte structure. (A) A sarcomere is composed
of thin filamentous actin and thick myosin filaments. Thick filament bundles are an
assembly of multiple myosin molecules with heavy tails and a globular head with an
actin and ATP binding site arranged in a helical manner. They exhibit a periodicity of
42.9 nm and a distance of 14.3 nm between their head groups. Thin filaments, com-
posed of actin, troponin and tropomyosin, form a double helix with an intermolecular
distance of 0.55 nm and a periodicity of 35.75 nm. Sarcomeres aremirror symmetrical
structures connected by Z-discs. The area around the Z-discs (A-band) is composed
of actin filaments, which overlap with myosin on the side facing the center. The area
containing thick filaments is called I-band. In the center of the sarcomere, where only
myosin is present (H-zone), the thick filaments are connected by the M-line which
also forms the mirror axis. The cross section of the hexagonal sarcomere lattice has
a 2:1 actin-to-myosin-filament ratio and is described by the distances d(1,1) and d(1,0).
Figures adapted from [24]. (B) Sketch of the cardiomyocyte network. The contrac-
tile function of individual cardiomyocytes is provided by chains of sarcomeres called
myofibrils. Energy is provided by mitochondria. Further, cardiomyocytes contain a
nucleus, a Golgi apparatus and microtubules. The cardiomyocytes are connected via
intercalated discs, gap junctions and desmosomes and surrounded by extracellular
matrix containing the capillary network. Adapted from [5].
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naming of the areas is related to its imaging properties: A for anisotropic and I for
isotropic scattering of polarized light. The center of the A-band, where no thick and
thin filaments overlap, is called H-zone, corresponding to the German word “Heller-
scheibe” (clear disc). The dense line connecting the thick filaments is named M-line
(“Mittelscheibe”, middle disc).

Eachmyosin filament is surrounded by six thin actin filaments and each thin filament
by three myosin filaments, resulting in a hexagonal sarcomere lattice with 2:1 actin-
to-myosin-filament ratio. The inter-filament lattice can be described by the distances
d(1,1) and d(1,0).

The contraction process is caused by an action potential-triggered, ATP consuming,
isothermal reaction with an efficiency of almost 50% [30]. The process of shortening
of the sarcomere can be explained by the sliding filament theory [19, 31]. In a rowing-
like motion the actin filaments slide over the myosin filaments, pulling the Z-discs
toward the center of the sarcomere. The link between electrical excitation triggered
by the action potential andmuscle contraction is given by the release of calcium (Ca2+)
ions.

The sarcomeres form long chains, connected by Z-discs, called myofibrils [32]. About
80% of the volume load of a single cardiomyocyte with a length of about 100 µm to
150 µm is filled with myofibrils. The dimensions of the cardiomyocyte is defined by
the cell membrane, called sarcolemma. Besides covering the cell, it contributes to the
excitation and contraction process due to its electroconductivity and elasticity. Next
tomyofibrils, a cardiomyocyte containsmitochondria, which are located in close prox-
imity to the myofibrils and provide ATP, a nucleus, containing the DNA, the rough
endoplasmic reticulum and sarcoplasmic reticulum for ion storage [33]. The decay-
time of the ions channels located in the sarcolemma is in the range of hours. There-
fore, microtubules serve as “highways” from the Golgi apparatus to the membrane
and enable directed transport of the channels [33].

Cardiomyocytes tend to form long myocyte chains which are connected by interca-
lated discs at the longitudinal side of the cell. A lateral connection of the cells is
provided by gap junctions. These connections allow the flow of the action potential
caused by a depolarizing current from one cell to another. Inter-cellular stability is
increased by desmosomes, linking neighboring cells [34]. Aggregations of cardiomy-
ocyte chains are embedded in connective tissue, the extracellular matrix, including
elastic and collagenous fibers and a capillary network supporting the cells with oxy-
gen and nutrients.
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The heart muscle tissue, called the myocardium, is formed by a complex network of
cardiomyocyte aggregations, which are arranged in several layers and enable the con-
tractile function of the heart. The outer surface of the heart is covered by a thin layer
of tissue, named pericardium, which acts as a protective film. On the inside of the
ventricles, another layer of tissue, the endocardium, separates the myocytes from the
blood pool. A sketch of the gross cardiac anatomy is shown in Fig. 1.3.

The intrinsic electrophysiological system controls the cardiac contraction cycle. Start-
ing at the sinoatrial node, which is located in the wall of the right atrium, an electri-
cal signal excites the atria by the Bachman’s bundle causing the contraction of cardiac

Mitral (bicuspid) valve

Left pulmonary artery

Left pulmonary veinsRight pulmonary artery

Right pulmonary veins

Superior vena cava

Inferior vena cava

Tricuspid valve

Right atrium
Interventricular septum

Left atrium
Pulmonary valve
Aortic valve

Fig. 1.3: Cardiac anatomy. The heart consists of four chambers (two atria and two
ventricles separated by the interventricular septum). Through the pulmonary veins
oxygenated blood is transported to the left atrium and ventricle and is distributed
through the aorta into the body. Desoxygenated blood is then pumped back through
the venae cavae to the right atrium and ventricle of the heart and back to the lungs
through the pulmonary arteries. The cardiac valves prevent a backflow of the blood.
The cardiac conduction system is indicated in yellow. The sinoatrial and the atrioven-
tricular node control the time gating of the contraction cycle, while the Bachman’s
and His bundle as well as the Purkinje fibers act as conduction pathways. The direc-
tion of action potential propagation is indicated by the white arrows. Adapted from
[35].
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muscle cells of both atria. This process is named atrial systole. After the signal reaches
the atrioventricular node it propagates along the ventricular impulse-conducting sys-
tem including the bundle of His and the Purkinje fibers to the base of the heart, trig-
gering the ventricular systole. A backflow of the blood during diastole, cardiacmuscle
relaxation, is prevented by the cardiac valves.

During the continuous contraction cycle, different pressures, strains and electrical
stimuli occur in each chamber of the heart. Therefore, the basic function of the heart
cannot be provided by a unified type of cell but requires a variety of different car-
diac cells types. One can differentiate atrial cardiomyocytes, ventricular cardiomy-
ocytes, fibroblasts, endothelial cells, pericytes, smooth muscle cells, immune cells,
adipocytes, mesothelial cells and neuronal cells. Each cell group has its own func-
tionality and specialized structure [11, 36].

These cell types can also be separated in populations by gene expression. For exam-
ple, there are at least five different types of ventricular cardiomyocytes with different
proportions in the left and right ventricle. Furthermore, the composition of the ven-
tricular cardiomyocytes not only differs locally but is also gender-specific [11].

The entire human heart is formed by about 10 billion cells, which interact in a com-
plex, dense and codependent network. Even though the gross anatomy is well de-
scribed, the multiscale structure and its functionality is still not completely under-
stood [11–13].

So far, it is not possible to give a generalized answer how the entire (healthy) heart is
formed. Considering diversity between individuals or structural changes due to aging
or CVDs such as e. g. myocardial infarction or hypertension for an individual patient,
the problem is evenmore complex to understand. The question how exactly the action
potential propagates through the entire organ of a patient, triggering the time-gated
contraction of the heart remains unsolved.

To improve the understanding of the cardiac structure and function, computational
modeling of the heart is conducted [37]. It is possible to model, analyze and con-
trol cardiac dynamics based on the coupling of nonlinear (chaotic) systems such as
the electrical wave propagation in cardiac tissue [38, 39]. These simulations can for
instance help to understand the cause and effects of cardiac arrhythmia. The funda-
mental mechanisms such as the propagation of the action potential, as well as the
mechanical response, highly depend on the material properties of the cardiac cells.
While defects like scar tissue (caused by aging or myocardial infarctions) disturb the
propagation, the speed of propagation is higher along the orientation of the cardiomy-
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ocytes [40, 41]. In order to overcome the challenge of upscaling cardiac models from
the sub-cellular and cellular level to the tissue and organ scale, it is mandatory to link
themodels to experimental data [42–44]. For instance, the cardiac dynamics of a beat-
ing (pig) heart mounted on a Langendorff perfusion system was analyzed using fluo-
rescence imaging of the calcium wave propagation and four-dimensional ultrasound
imaging. The reconstruction of the 3d structural dynamics aswell as the calciumwave
propagation along the surface of the heart revealed scroll waves which are considered
to be the organizing center of cardiac arrhythmia [45].

Another approach to support the computational modeling of cardiac function is the
combination with diffusion tensor MRI [37, 46]. Since the propagation of the electro-
chemical signal within the heart depends on the orientation of the cardiomyocytes,
the vectorfield obtained by diffusion tensor MRI is of high value for computational
simulations [47]. In addition to electro-mechanical simulations of the heart based on
its 3d structure, it is also possible to perform computational modeling of blood flow
and pressure distribution within the heart [37].

There are a variety ofmodels to describe the cardiac function onmultiple scales. How-
ever, it is still unclear how exactly the cardiac cells are arranged within the heart to
enable the contractile function in full detail.

From the current state of research one can conclude that it is essential to understand
the structure of the heart to improve the computational modeling and the general
understanding of a complex organ as the heart. Therefore, imaging of cardiac tissue
is and has always been one of the fundamental conditions for progress in cardiac re-
search.

1.2 Conventional imaging of heart tissue

1.2.1 Histology

Historically, the observation of the heart structure started by documenting visual im-
pressions gained from evisceration of animals or autopsies. With progress in the man-
ufacture of optics and the invention of the microscope in the 17th century, it was
possible to investigate structures in the micrometer range [48]. During this time, Mar-
cello Malpighi was the first who identified small capillaries in the lungs of bats and
established the process of oxygen uptake [49]. This procedure, later called histology
(from Greek: histos, tissue and logos, study), revealed its full potential during the 19th
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century, when fixation techniques and staining protocols were developed. Those lead
to increased contrast for specific tissue structures andmade it possible to characterize
healthy as well as diseased tissue by light microscopic analysis [50].

Today, conventional histology is the goldstandard in clinical practice worldwide. In
a standardized procedure, the dissected tissue is chemically fixed by a liquid fixing
agent, such as formaldehyde. In a diffusion-based process, the tissue gets slowly pene-
trated by the fixative, which cross-links proteins to stop the disintegration of the tissue.
The fixed sample is then dehydrated using an ethanol series with increasing concen-
trations and cleared by xylene in order to be transferred to melted paraffin wax. After
the entire sample is infiltrated by liquid paraffin, it is poured out into a block with
an attached cassette [50, 51]. Samples embedded in paraffin wax blocks are very sta-
ble and make up the majority of archived tissue stored in pathology departments all
over the world. In a further step, thin slices with a thickness of a few µm are cut
from the paraffin blocks using a microtome. These slices have to be transferred to
microscopy glass slides, where they are deparaffinized, before histological staining.
Depending on the aim of the investigation, a variety of different histological staining
procedures, such as Hematoxilin and Eosin (HE) stain, Masson-Trichrome stain or
antibody-based immunohistological staining can be performed [52]. The stained sec-
tions can then be sealed to increase their durability. At the end of this labor-intensive
and time-consuming process, a pathologist can analyze the tissue structure by light
microscopy at different magnification, to identify morphological changes [53]. Based
on his diagnosis, the pathology of the sample can be classified and if applicable further
treatment such as drug treatment, surgery or radiation be prescribed.

However, conventional histology has three major disadvantages when analyzing the
3d tissue structure. Since the procedure is based on the microscopic analysis of thin
slices of paraffin embedded tissue, histology is a destructive, two-dimensional tech-
nique with limited, anisotropic resolution.

In order to analyze an entire organ, hundreds to thousands of paraffin slices need to
be prepared, analyzed under the microscope and stitched together. Since artefacts
of the paraffin embedding (such as shrinking of the tissue), tissue deformations or
even destruction while cutting, and inhomogeneities of the histological staining pro-
cedure cannot be excluded, it is very challenging to visualize an entire organ using
conventional histology. Nevertheless, there are some datasets available [54, 55]. For
example, entire human brains were analyzed in a multiscale approach by MRI and
histology [56]. Microscopy images with a pixelsize of 4 µm of 25 µm thick, stained
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slices were acquired and co-registered with the low resolution MRI data. To reduce
redundancies, the workload and the amount of data only every 10th or 20th section
was analyzed, depending on the brain region and its cell density.

There are comparable histological investigations of the heart in animal models, but
there is no human investigation with such high detail so far [57, 58]. An exemplary
histological slice of a murine heart is shown in Fig. 1.4A. For human heart tissue, it is
more common to take photographs of short-axis sectionswith a thickness of a fewmm
and record micrographs of stained sections of paraffin biopsies taken from regions of
interest of embedded tissue afterwards [59–61].

So far, histology as a 2d technique seems to be the best combination of resolution and
identification of (sub-)cellular structures. However, the resolution of conventional
histology in combination with light microscopy is also limited. According to Ernst
Karl Abbe, the resolution d of an optical system is diffraction limited [62]. In the
lateral plane it is given by

d =
λ

2n sin(α) (1.1)

with numerical aperture NA = n sin(α) andwavelength λ. For visible light the lateral
Abbe limit is in the range of 200 nm. The axial resolution limit for (d = 2λn

NA2 ) is larger,
though it does not play a role for histological investigations since the resolution is
limited by the slice thickness and the distance between consecutive slices, stained
with the same histological dye. Hence, the resolution of histological investigations is
anisotropic.

Furthermore, when analyzing cardiac structures such as the actomyosin complex, the
diffraction limit of visible light microscopy is about one order of magnitude too high
to resolve the single protein bundles.

Other light microscopy techniques such as high resolution episcopic (reflection) mi-
croscopy or polarized light microscopy enable a different contrast. However, their
limitations in terms of resolution and invasive sample preparation are congruent with
conventional histology [63–66].

In order to analyzemolecular structures, different imagingmodalities which allow for
higher resolution are necessary. In the following, two of those techniques, electron
microscopy and fluorescence (super resolution) microscopy, are briefly described.
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1.2.2 Electron microscopy

One option to image (biological) structures at higher resolution is electronmicroscopy.
Due to a smaller wavelength of the accelerated electrons compared to visible light, a
higher resolution can be reached (see Eq.(1.1)). This technique is already well estab-
lished in cardiac research and is especially well suited to analyze the structure of mito-
chondria and sarcomeric structures at high resolution [36, 67]. Additionally, molecu-
lar structures can be labeled by gold nanoparticles coupled to antibodies. Figure 1.4C
shows an electron micrograph of cardiomyocytes of a wild type mouse, where the at-
tachment sites of desmin filaments (of the intermediate filament family of cytoskeletal
proteins) were immuno-gold-labeled [68].

Since the penetration depth of the electrons through the tissue, usually stained by
heavy elements such as uranium and tungsten, is very small, the axial resolution is
limited by the slice thickness. Thus, the samples have to be sectioned to slices with
a thickness in the range of a few nm. Similar to conventional histology, the third
dimension can be accessed by labor-intensive and artefact sensitive serial sectioning
[69, 70]. For instance, in 2018 the 3d structure of two neighboring cardiomyocytes
was acquired from 1019 serial sections of 50 nm thickness [71]. Electron microscopy
is a technique which is more commonly used to analyze the 2d ultrastructure of cells
and tissue and to support results obtained from techniques with a lower resolution
and larger field of view such as conventional histology or (confocal) fluorescence mi-
croscopy [36, 68, 72].

1.2.3 Fluorescence imaging

With fluorescence imaging it is possible to image specific protein complexes of labeled
(biological) specimens. Fluorescent dyes absorb electromagnetic radiation and conse-
quently emit light with a certain wavelength. This consequence also allows the same
sample to be stained with multiple dyes at various binding sites of different protein
complexes. By point wise scanning of the samplewith a focused excitation laser, slices
of stained tissue can be analyzed.

Figure 1.4B shows an example of a fluorescencemicrograph of cardiomyocytes. In this
case nuclei (blue) and desmin (green) were labeled with different fluorescent dyes.

The resolution of these measurements is also limited by diffraction, thus molecular
structures such as the actomyosin lattice cannot be resolved. The resolution limita-
tion by Abbe was overcome by the invention of stimulated emission depletion (STED)
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Fig. 1.4: Conventional imaging of cardiac tissue. (A) Histological HE stain of a
wild type mouse. (B) Fluorescence imaging using an immunostaining with a desmin
antibody. (C) Electron micrograph of cardiomyocytes of a wild type mouse. In this
case, attachment sites of desmin filaments were immuno-gold-labeled using antibod-
ies. Adapted from [68] (D) SPECT image of two human hearts in stress (top) and
resting (bottom) state [73]. (E) Cardiovascular MRI perfusion analysis of two human
hearts in stress (top) and resting (bottom) state using a gadolinium contrast agent [73].
(F) An exemplary slice of a coronary CT angiography. A coronary artery stenosis is
marked by a white arrow. Scale bars: A: 1 mm, B: 5 µm, C: 0.25 µm, D and E: 2 mm.
Adapted from [74]

microscopy by Stephan Hell and JanWichmann in 1994 [75]. The excited fluorescent
molecules can be switched off again by stimulated emission using a second, dough-
nut shaped laser pulse. The time gated depletion of the point of illumination and the
detection of the emitted light not depleted allows “super resolution” to be achieved.
Recently, this invention was further developed by a combination of STED and single
molecule localization microscopy such as stochastic optical reconstruction microscopy
(STORM). The novel technique called minimal photon fluxes (MINFLUX) allows to
analyze single molecules in 3d with a resolution in the range of a few nm while also
reducing the problem of photobleaching [76, 77]. MINFLUX uses a doughnut shaped
excitation laser and is based on stochastic assumptions, the dose can be reduced and
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theoretically an image can be recorded without the excitation of the dyes. In terms of
cardiovascular research super resolution microscopy is very promising regarding the
investigation of structures within the cells such as the function of single mitochon-
dria, ion channels, membranes or the sarcomeric structure [72, 78, 79]. Research in
the field of fluorescent imaging is still ongoing. On the biochemical side, new dyes are
being developed while on the imaging side a large research field is continuously work-
ing on improvements of image quality. This is not only relevant in terms of nanoscale
imaging, since new developments of fluorescent dyes also enable functional time re-
solved in vitro imaging of hydrated cells or tissue. For instance, Ca2+ sensitive dyes
allow to perform surface imaging of calcium waves propagating over the heart [45].

Note, that the advantage of fluorescence imaging techniques to label specific struc-
tures is also one of its disadvantages. It requires staining with suitable fluorescent
dyes and only labeled structures can be identified, while unlabeled tissue appears dark
in the images. Furthermore, 3d imaging using light microscopy is challenging since
the penetration depth of visible light through the sample is limited by self absorption
and light scattering. Hence, to analyze larger volumes, serial sectioning of the tis-
sue is mandatory. One possibility to reduce the self absorption and scattering of the
emitted photons within the sample is tissue clearing [80–82]. During this process the
refractive index of a chemically fixed tissue is homogenized so that it turns transpar-
ent for visible light. The preparation usually includes decalcification, decolorization,
delipidation, dehydration and clearing of the sample. In combination with fluores-
cent staining and light sheet microscopy, larger volumes in the range of the size of
murine brain, a zebra fish or even an entire mouse can be analyzed [81–84]. How-
ever, this technique is also limited by diffraction and has an anisotropic resolution
due to the properties of the excitation laser. Furthermore, the molecular and cellular
organization in tissues is affected during the preparation process. The delipidation
has an especially large effect on the tissue structure. Additionally to the clearing of
the tissue, the uniform injection of fluorescent dyes e. g. by immunostaining, is very
challenging especially for dense 3d biological material such as murine cardiac tissue
[82, 85, 86]. One possibility to image entire hearts by light sheet microscopy is the
combination of transgenic modification with the cardiomyocytes. By the expression
of green fluorescent protein (GFP), originally found in jellyfish Aequorea victoria, or
by the expression of TdTomato the problem of the tissue penetration can be overcome
[85, 86].

In order to analyze larger and denser structures such as an entire human heart or even
the full body of a patient, different imaging techniques are used in clinical routine.
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1.2.4 Clinical 3d imaging

Conventional techniques used to clinical imaging of cardiac tissue include echocar-
diography, positron emission tomography (PET), single-photon emission computed
tomography (SPECT), (diffusion tensor) magnetic resonance imaging (d)MRI, as well
as absorption-based computed X-ray tomography (CT) and angiography. For all of
these clinical techniques, a unifying principle is the injection of contrast agents into
a peripheral vein [63, 74, 87].
PET and SPECT, as imaging techniques based on radioactive tracers, are well suited
to characterize cardiac function and can help identify coronary artery diseases, hy-
pertrophic cardiomyopathies and abnormalities in heart wall motion. Figure 1.4D
shows SPECT images of two human hearts in a stressed (top) and resting (bottom)
state. Such images are used to quantify the extent of left ventricular myocardial is-
chaemia [74]. However, their spatial resolution is in the cm to mm range and thus
too low to characterize the cardiac structure in detail.

Echocardiography, a non invasive imaging technique without ionizing radiation, is
based on ultrasonography and uses microbubbles as contrast agent to visualize the
blood flow. Echocardiography can be performed at the bedside of the patient, however
compared to other imaging techniques presented, it is noisy and yieldsmany artefacts.
Further, it is not reproducible and most importantly for the structural analysis of the
cardiacmuscle structure it only yields intravascular contrast for the blood flow but not
for cardiomyocytes. Thus, it is not suited to study the cytoarchitecture of the heart.

MRI, as a technique which is well suited to image the dynamics of hydrogen nuclei,
enables an excellent contrast for soft tissue. Due to the high anisotropy of the car-
diomyocyte organization within the heart, the cardiac structure can be estimated by
diffusion tensorMRI, which represents a suitable option to characterize orientation of
the cardiomyocyte arrangement indirectly in in vivo and ex vivo experiments [88, 89].
The signal can be enhanced by gadolinium-based contrast agents. MRI is commonly
used to characterize myocardial ischemia with a high sensitivity and specificity [90].
The recent development of real time MRI also allows the study of blood flow during
cardiac contraction. Exemplary data of MRI acquisitions of two hearts in a stressed
and resting state is shown in Fig. 1.4E. Such data provides myocardial blood flow val-
ues [74]. After all, clinical MRI is well suited to study the cardiac structure, including
the cardiomyocyte orientation, and can also reveal the dynamics of the cardiac blood
flow. However, the resolution depends on the strength of the magnetic field and is
typically allocated in the (sub-)millimeter range. Even ex vivo studies of cardiac struc-
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ture usingMRI can reach resolutions down do 50 µm, but cannot achieve sub-cellular
resolution, yet [63, 91].

Conventional CT and radiography is a cost efficient, widely available imaging tech-
nique used formultiple clinical applications [74, 92, 93]. It is based on the attenuation
of X-rays and provides a good contrast for highly absorbing materials such as teeth or
bone, but also enables several cardiovascular examinations. For example, ischemic
heart disease can be detected using coronary angiography. In the procedure a iodine-
based contrast dye is injected into the coronary artery through a catheter. The spread
of the agent in the blood is detected by a series of 2d radiography images. In this way,
blockages in the coronary arteries caused by plaque buildup can be identified. A coro-
nary angiography is recommended by European guidelines to detect ischemic heart
disease of patients with a low to intermediate clinical likelihood. The 3d morphol-
ogy of the heart can be investigated by chest CT in combination with the injection of
contrast agents. A slice of a coronary CT angiography indicating a coronary artery
stenosis is shown in Fig. 1.4F. Cardiac CT is used to quantify stenosis and plaques
in 3d at high resolution e. g. by calcium scoring. Furthermore, in combination with
vasodilators (medications that dilate blood vessels) myocardial CT perfusion imaging
can be performed. It allows to identify defects of the myocardium.

The disadvantage of conventional CT is the comparatively weak contrast for soft un-
stained tissue and the delivered radiation dose, which also limits the temporal reso-
lution of the medical image acquisition [94]. An average coronary computed tomo-
graphy angiography with a resolution of about 0.5 to 0.7 mm delivers a dose of ap-
proximately 8.7 millisievert to the patient. This equals about 3 years of background
radiation [95, 96]. For comparison, the dose limitation for occupationally exposed per-
sons is 20millisieverts in a calendar year in all European countries [97]. Furthermore,
scatter artefacts of absorbing structures reduce the quality of soft tissue recordings.
However, even for ex vivo experiments, in which the radiation dose can be increased,
the absorption contrast for soft tissue is very weak [63].

In summary, imaging of cardiac function and structure in the clinical routine is sub-
ject to more stringent conditions on the imaging technology compared to pre-clinical
research. Since data acquisition is performed in vivo, motion artefacts and penetration
depth of the imaging modality as well as the delivered dose plays an important role.
The clinical methods are well suited to identify and characterize cardiomyopathies,
but neither the resolution nor the contrast of the given modalities is high enough to
resolve sub-cellular structures of in vivo human cardiac tissue. Even under ex vivo
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conditions and when using small animal models, imaging the entire cardiac architec-
ture remains challenging. To uncover the myocyte arrangement, a destruction free,
multiscale imaging approach, reaching from an entire organ down to sub-cellular res-
olution is required. A possible solution is given by recent progress in X-ray imaging
techniques and especially by the advent of X-ray phase-contrast CT, introduced in the
next section.

1.3 X-ray phase-contrast CT

X-ray imaging of human tissue goes back to its discovery byWilhelm Conrad Röntgen
in 1895, when he noticed a glow on a nearby phosphor screen caused by an invisible
ray [98]. On 22 December 1895 he acquired an X-ray radiograph of his wife’s hand.
In the slightly unsharp projection on photosensitive film, shown in Fig. 1.5A, one can
identify her hand bones and a large ring, despite the contrast for soft tissue being quite
low. Given that it took approximately 30 to 45minutes to acquire the image, it is quite
impressive how little motion artefacts are visible.

Due to further development of X-ray sources and detectors, patients do not need to be
this patient anymore. The first conventional CT scanners developed in 1971 by the
group of Sir Godfrey Hounsfield required about 25 to 30 minutes to acquire an entire
tomogram. Today, an average CT scan can be recorded within a quarter of a second.
The reason for these improvements is related to the progress in X-ray generation and
detection of X-ray radiation [99, 100].

1.3.1 X-ray generation and detection

While the basic principle of X-ray generation in X-ray tubes based on electron im-
pact has not changed in the last 125 years, the efficiency of modern X-ray sources
and X-ray detection techniques has increased. A schematic X-ray tomography setup
is shown in Fig. 1.5B. In a conventional X-ray tube electrons emitted by a cathode,
are accelerated onto an anode material (usually tungsten, molybdenum or copper),
where their kinetic energy is transferred into heat and electromagnetic radiation [102].
The emitted energy spectrum of the X-rays can be traced back to two physical pro-
cesses: Bremsstrahlung and the characteristic emission of the anode material. The
BremsstrahlungX-rays are named after theGermanword for braking and emerge from
the kinetic energy loss of the electrons passing through the anode material. The de-
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Fig. 1.5: Principles of X-ray imaging. (A) One of the first X-ray images was ac-
quired in 1895 on a photographic plate showing the hand of Anna Bertha Röntgen
[101]. (B) Sketch of a cone beam X-ray tomography setup. X-rays are generated by
electrons, which are emitted by a cathode and accelerated onto an anode material.
Projections of a sample are acquired by an X-ray detector. (C) Interaction of an elec-
tromagnetic wave with matter. When passing through an object, the amplitude of
the incoming wavefront is reduced. Furthermore, the phase of the wave is shifted
compared to a reference wave propagating in vacuum.

celeration of the scattered electrons in the external electric field of the anode nuclei
results in a continuous X-ray emission spectrum. Photons emitted by excited atoms
of the anode material contribute to the characteristic spectrum. The generated X-rays
are emitted in all directions, thus a conventional X-ray source is a 4π radiator.

Since only about 1% of the electron energy is transformed into radiation, an overheat-
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ing or even melting of the anode material is the most important limiting factor when
increasing the power. In order to reduce skin dose, the amount of X-ray used for clin-
ical imaging is further reduced by radiation shielding and collimation of the beam as
well as trimming of the X-ray energy spectrum. In the end, only a fraction of about
0.03% of the energy is used for image acquisition [102]. The power of an X-ray source
can be characterized by the brightness defined as source photons (ph) per solid angle
and per source area (ph mrad−2 mm−2).

Development of laboratory X-ray sources

The first X-ray tubes used by Röntgen were initially designed to study energetic elec-
tron beams. These tubes were invented around 1875 by William Crookes and unin-
tentionally radiated X-rays with photon energies below 30 keV as a byproduct. The
Crookes tubes could not be actively cooled and the photon emission was very low
since the electrons were emitted from ionized gas near the cathode and thus the tubes
were not well evacuated.
In 1913, the first high vacuum X-ray tubes designed by Coolidge were produced. This
next generation of X-ray tubes emitted electrons fromaheated cathodefilamentwhich
were then accelerated onto a solid anode target which could be cooled actively by
water. The progress in the generation of a stable vacuum enabled higher electron
energies and flux.
A further increase in heat dissipation and photon flux was achieved by the invention
of the rotating anode tube [103]. By rotating the anode, the source spotmoves over the
anode surface. Thus, the heat is distributed over a larger area of the anode material,
which still reaches up to 2500°Cdespite activewater cooling. Another approach based
on the same principle is the rotating frame anode, which rotates inside the housing
assembly. This design allows for a direct contact of the anode with oil and enables
high cooling rates. These designs enables a relatively high photon flux and are used
as the gold standard for most clinical applications [100, 102].
The reason the source spot can not be expanded limitless, thus enabling a limitless in-
crease in flux, is the effect of source blurring. The resolutionwhich can be achieved by
a cone beamX-ray system depends on the configuration of the imaging setup sketched
in Fig. 1.5B. The geometric magnificationM = x01+x12

x01 can be enlarged by increasing
the sample-to-detector-distances x12 or decreasing the source-to-sample distancesx01.
Thus, the effective pixelsize pxeff = px

M is reduced. However, the shadow created by
the extended source spot s increases for higher magnifications. In order to optimize
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the resolution of the setup, the width of the point spread function of the system σsys

should not be larger than the detector pixel size. σsys can be determined by [104]

σsys =

√(
s
M − 1

M

)2

+
(px
M

)2
.

Note that while the effective spot size of the source is reduced by larger source-to-
detector distances x02, the photon flux in the detector plane is reduced. For high reso-
lution imaging of samples with a high contrast, the effect of source blurring is one of
the most limiting factors for the resolution.

The problemwas tackled with the development of micro- and nano-focus sources. By
using magnetic lenses the accelerated electrons can be focused onto a small source
spot with a diameter of a few µm or hundreds of nm. One can differentiate between
three types of microfocus sources, characterized by the design of the anode [105, 106]:

The first design ofmicrofocus sources is based on a reflection target. It is similar to the
conventional Coolidge tube, but the (effective) source spot is minimized by focusing
the electrons and tilting the anode. In this way, the source spot can be reduced to an
effective size of 5-20 µm and be operated at 4-8 W (10 µm spot size).

To further decrease the source spot size, a transmission target can be used. It is built
from a thin-film of anodematerial deposited on a diamondwindow to stabilize the an-
ode [105, 107]. By this design, the source spot expansion through electron avalanches
inside the anodematerial is limited. Hence, nanofocus sources are based on transmis-
sion targets. To further improve the capability of electron focusing, the electron source
spot of the cathode has to beminimized. One possibility is the use of a lanthanumhex-
aboride (LaB6) filament as cathode material which allows to emit electrons based on
the electric field instead of the common electrical heating of a tungsten coil. The sharp
tip LaB6 cathode reduces the electron source spot and enables to focus the electrons
to source spots down to 100 nm.

The maximum power of these two designs based on solid target materials is again
limited by heat transfer. To overcome this problem and to increase the power of a
microfocus source, an X-ray generator based on a liquid metal anode can be used.
Instead of the solid target, the anode is made of ametal alloy, such as Galinstan (86.5%
Ga, 21.5% In, 10% Sn) which is liquid at room temperature. This alloy is pumped with
high pressure through a nozzle into the vacuum tube and forms a metal jet anode.
The advantage of this setup is the heat dissipation, due to the steady renewing of the
anode material. These sources can be operated at a power of more than 100 Watt (10
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µm spot size). With this setup a brightness of 1010 ph mrad−2 mm−2 for theKα line
of Gallium was measured [108].

Developments in X-ray detection

Another reason for the faster image acquisition compared to the era of Röntgen is the
development of new X-ray detection techniques [100, 109]. Instead of photosensitive
glass plates or X-ray films, X-ray radiation is nowadays usually detected by digital X-
ray detectors. From today’s perspective, the X-ray detection technology can be divided
into direct and indirect detection. In an indirect system a composition of different
components serves to slow down or stop the photons to create an initial signal which
then can be amplified or converted to another form of energy before being detected.
In a direct detector the signal is created and imaged in the same component, such as
in a photographic plate.
For 3d imaging, digital processing of the data is required. Usually, an indirect, scintillator-
based detection systems is used for this purpose[109]. It is based on the luminescence
of a scintillatormaterial, which can be excited by ionizing radiation. The emitted light
in the visible range is then collected by a lens or fiber optic and recorded by a photodi-
ode, which converts the photon energy to an electronic signal. Thus, a digital image
can be saved.
The spatial resolution, dynamic range, noise contributions and the read-out time of
the X-ray detector depend on the absorption and emission spectrum and the thick-
ness of the scintillation-screen as well as the magnification of the coupled optical
imaging system and the sensitivity and pixel size of the photodiode [110]. Usually,
a photodiode based on a metal-oxide-semiconductor, such as a Charge-Coupled De-
vice (CCD) or Complementary Metal-Oxide Semiconductor (CMOS) is used [111]. In
2009 Willard Boyle and George E. Smith were honored with the Nobel Prize for the
invention of the CCD [112].
In present conventional clinical CT, up to 320 X-ray detectors are arranged in a fixed
outer ring of the scanner. Due to the fan-shaped X-ray beam created by the X-ray
source, which is rotated around the patient, the duration of the scan could be reduced
to less than a second [100].
Novel ideas to increase image quality in clinical applications also include dual-source
and dual-energy CT. They allow the acquisition of two images from different angular
positions at the same time (to correct formotion artefacts) or with different photon en-
ergies to gainmore information on the tissue properties [93]. Further developments in
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X-ray detection technology include single photon counting detectors, which enable a
high signal to noise ratio, zero dark signal and avoid an afterglowwhich is common for
scintillator materials [100, 107]. They are for instance based on a cadmium telluride
(CdTe) CMOS technology, which directly convert photons to electrical signals. They
allow for fast acquisition, improved resolution andhigher contrast. Furthermore, they
show less artefacts due to smearing or blurring within the scintillator. Another novel
research branch in the detector improvement is dedicated to the development of 2d
energy resolving detectors (similar to Silicon Drift Detectors) such as a hybrid silicon
pixel detector based on charge integration and analog readout [113–115].
However, for some applications the current efficiency of laboratory X-ray imaging se-
tups is still not sufficient. The temporal and spatial coherence of the illumination is
limited by the broad X-ray spectrum and by the extended source spot. Furthermore,
the brightness is limited by undirected radiation of the source with limited power. Es-
pecially when analyzing small structures with low contrast at high resolution or time
resolved processes, laboratory systems reach their limits.

Synchrotron radiation facilities

One possible solution for increased image quality and acquisition speed is the use of
coherent X-ray radiation with a high photon flux created at large scale synchrotron
radiation facilities. X-rays are created by the deceleration of electron bundles with
relativistic velocities within a magnetic field (bending magnet, wiggler or undulator).
Thereby, a high photon flux with a small divergence is obtained. Further, the spec-
trum can be trimmed by attenuators andmonochromators. The photon flux is charac-
terized by its brilliance, defined as brightness per spectral width of the radiation and
can reach up to 1025 ph/(s mrad2 mm 2 0.1% BW), more than 10 orders of magnitude
higher than a conventional rotating anode source (1012 ph/(s mrad2 mm 2 0.1% BW))
[116, 117].
However, since these large scale synchrotron radiation facilities have high operating
costs and limited accessibility, not everyone can be granted the opportunity to carry
out an experiment.
After all, the progress in X-ray generation and detection techniques since the Röntgen
s discovery is remarkable. Nevertheless, conventional absorption contrast, which is
well established in hospitals, yields only a small contrast for soft tissues such as the
heart. To improve data quality and increase the signal-to-noise ratio even for labo-
ratory X-ray imaging, the phase-shifting properties of an X-ray wave can be accessed.
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For soft tissues and hard X-rays the phase information encoded in the dispersion part
of the index of refraction is higher by a factor of 100 to 1000 compared to the attenua-
tion [118]. The concept of X-ray phase contrast will be examined in more detail in the
next section.

1.3.2 The origin of X-ray phase contrast

Imaging with X-ray radiation is based on the interactions of electromagnetic waves
with matter. These energy dependent interactions occur in terms of photoelectric ab-
sorption, scattering or pair production of single photons. The wave interpretation of
electromagnetic radiation is well suited to characterize the principles of image forma-
tion with X-rays.

The propagation of a plane electromagnetic wave of wavelength λ along direction x
in vacuum can be described by its wave field Ψx

Ψx = e−i 2π
λ x = e−ikx ,

with wavevector k = 2π/λ. If the wave passes a homogeneous object with a refractive
index of n = 1 − δ + iβ and a of thickness ∆x the wavefront after an object is given
by

Ψ∆x = e−ik∆x(1−δ+iβ),

where δ is the dispersion term and β the imaginary part of the energy dependent com-
plex refractive index. Thus, it has a phase shifted wavefront of ∆Φ = −kδ∆x and a
reduced amplitude compared to a reference wave propagating in vacuum. The inten-
sity behind the object is given by the absolute square of the wavefront

I = |Ψx|2 = Ψx ·Ψ∗
x = |e−ik∆x(1−δ+iβ)|2 = e−2k∆xβ = e−µ∆x , (1.2)

describing the Lambert Beer’s law with attenuation factor µ = 2kβ, used for conven-
tional X-ray imaging and spectroscopy [119]. Since the attenuation depends on the
material thickness and its attenuation coefficient, it contains information about the
object properties.

As mentioned before, the attenuation of hard X-rays in soft tissue is very weak and
depends on the photon energy E = hc

λ , with Planck constant h and speed of light c.
The energy dependence of the absorption β is proportional to E−4, while dispersion
term δ scales with E−2 [120]. Hence, the contrast is very low for conventional hard
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X-ray radiography. Although the dispersion term δ of the refractive index is usually
larger than the attenuation β, it cannot be detected directly. This phenomenon is
known as phase problem and will be targeted in the next section.

1.3.3 Solving the phase problem

The basic idea of phase-contrast imaging goes back to the early 1930s, when Frits
Zernike developed phase-contrast microscopy for visible light [121, 122]. In 1953, his
work was honored with the Nobel prize. This technique enabled living cells to be
imaged, which give too little absorption contrast to be investigated using bright field
microscopy. Using a -90° phase shifting ring, the light scattered by the sample inter-
feres with the illumination resulting in a higher contrast for the unstained tissue.

When using hard X-ray radiation, it is much more difficult to make the phase differ-
ence visible. Since the interaction of the electromagnetic wave with the material is
very weak, conventional lenses and phase rings do not work as efficient as for visi-
ble light. There are different approaches to visualize the phase information of X-rays,
which can be categorized in three groups [120]:

1. X-ray interferometry, which allows to directly measure the phase shift Φ,

2. diffraction-enhanced X-ray imaging, measuring the first derivative of the phase
shift∇Φ and

3. X-ray holography, which is based on the second derivative of the phase shift
∇2Φ.

The first approach was developed in 1965 by Ulrich Bonse and Michael Hart. It is
based on a crystal interferometer, creating interference of the scattered wavefront
and a reference wave using a beam splitter [123]. This delicate setup has extremely
high (sub nm) stability requirements on the setup and its monochromatic illumina-
tion [120]. Thus, X-ray phase-contrast imaging remained challenging.

About 30 years later, X-ray imagingmodalities based on the first order of spatial deriva-
tive were developed. For instance, they are based on crystal analyzers, edge illumina-
tion, speckles/diffusors or (phase shifting) gratings [124–130]. These techniques are
well suited to detect small changes in phase properties, but are still limited by the op-
tical components needed for imaging formation. For instance, high resolution is chal-
lenging since the resolution is limited by the properties of the grating structure and the
accuracy of its fabrication [131]. However, even if the dose-efficiency is affected due
to absorption of the optical components, diffraction-enhanced X-ray imaging is a good
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opportunity for laboratory and also in vivo imaging at lower resolution. Especially the
grating-based approach established by the groups of Franz Pfeiffer, TimmWeitkamp,
Christian David and Atsushi Momose as well as the edge-illumination developed by
Alessandro Olivo yield a higher contrast for for soft tissue compared to absorption-
based imaging [132–135]. Thus, are well suited for the application of phase contrast
in medical diagnostics.

While the first two approaches are limited by their optical components, in-line holog-
raphy imaging does not require additional optics between the X-ray source and detec-
tor. Thus, there are less requirements on component fabrications and stability of the
setup.

The propagation of the wavefront Ψ0 along x can be described for small angles using
the paraxial approximation by the Fresnel propagatorDx [118]

Dx = exp(ikx)F−1 exp
(
−ixk2

⊥
2k

)
F ,

where F denotes the Fourier transform and k⊥ the reciprocal vector of the sample
plane coordinates. The propagated wavefront Ψx can be approximated as

Ψx ≈ DxΨ0 .

The principle of in-line or propagation-based phase contrast is sketched in the top part
of Fig. 1.6. If the sample is placed immediately in front of the detector, a conventional
absorption image (as shown in Eq. (1.2)) is recorded. Thus, in case of a non-absorbing,
pure phase object no contrast can be measured. If now the detector is moved further
away from the sample and thus the propagation distance of the scattered wave is in-
creased, fringes around the edges of the sample start to appear. The so called “edge
enhancement” is caused by interference of scattered photons and can be described by
the propagation of the disturbed wavefront. If the sample is placed further away from
the detector, the fringes spread and start to overlap until only a fringe pattern, called
hologram, is detected.

The imaging regime is characterized by the Fresnel number F

F =
a2

dλ
,

with the characteristic length a (pixelsize for X-ray imaging) and propagation distance
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d. While the edge enhancement or direct contrast regime can be characterized by
Fresnel or near field diffraction (F ≈ 1), the holographic regime can be described by
Fraunhofer or far field diffraction (F ≪ 1).

Figure 1.6 shows the intensity distributions behind a pure phase object (π/2-phase
shift) as well as for an object with a maximum absorption of 10% for different Fresnel
numbers. Additionally, a magnification of the area marked in the absorption image
is shown for each propagation distance. The intensity distributions are obtained by
projections of a 3d phantom. This phantom was created by the segmentation of the
murine heart tissue published in [2]. The voxels of the phantomwere assigned with a
constant index of refraction. Note that the noise in experimentally measured intensi-
ties, acquired by an X-ray detector, is not included in the simulated data shown. The
Matlabcode used for this example is shown in Appendix A.1. By the propagation of
the wavefront towards smaller Fresnel numbers, the edges of the object are empha-
sized by phase effects which expand and form stronger, overlapping fringes until the
small structures cannot be recognized visually anymore. However, the structural in-
formation is still encoded in the measured intensity pattern. While the absorption
contrast of the object defines the contrast for large Fresnel numbers, the influence of
phase effects increases upon propagation until it dominates the image. Experimen-
tally, phase-contrast imaging is a good technique to analyze samples with a low at-
tenuation coefficient. Since the image formation origins from scattering of photons
by electrons, phase-contrast X-ray tomography enables a contrast proportional to elec-
tron density.

In order to obtain phase information of the image properties, the intensitiesmeasured
at the detector plane have to be properly back propagated to reconstruct the phase
distribution in the sample plane. This process is called phase retrieval. The original
technique of holographic imaging goes back to 1948, when Dennis Gabor described
interference patterns of electrons and eventually improved electronmicroscopy [136].
First experiments using X-ray holographymeasurements were performed at the Euro-
pean Synchrotron Radiation Facility (ESRF) by Snigirev et al. and were published in
1995 [137]. Followup experiments were performed by Cloetens et al. [138]. Only one
year later, phase-contrast imaging in combination with laboratory sources was per-
formed by Stephen William Wilkins associated with the Commonwealth Scientific
and Industrial Research Organisation (CSIRO) [139].

There is a variety of different phase retrieval approaches, which are based on prior
knowledge of the image formation. The lower part of Fig. 1.6 shows a selection of
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Fig. 1.6: Simulation of the propagation and phase retrieval for a heart phan-
tom. In the top rows, the intensity distributions for a π/2-phase shifting object with-
out attenuation (A) and for an object with weak absorption (B) is shown for different
Fresnel numbers. For the weakly absorbing object in the contrast regime (marked
in green) and the holographic regime (orange), phase retrieval was performed by the
SMO, BAC and CTF approach. The respective phase reconstructions are shown in
(C). Additionally, the signal along a line marked in the magnified images is plotted
for each phase retrieval algorithm.



32 Introduction

phase retrieved images for an object with a maximum absorption of 10% after propa-
gation to F = 1 and F = 10−3 obtained by algorithms introduced in the following.

The image formation can be simplified either by the transport of intensity equation
(TIE) or the contrast transfer function (CTF) [118, 140]. The TIE states that changes in
intensity ∂

∂xIx(r⊥) of a paraxial wavefront along infinitesimal propagation distances
can be calculated if the intensity and phase information are known

∇⊥|Ix(r⊥)∇⊥Ψx(r⊥)| = −2π

λ

∂

∂x
Ix(r⊥) ,

where Ix(r⊥) is the empty beam corrected intensitymeasured at propagation distance
x in the plane r⊥ = (y, z) perpendicular to the optical axis.

Consider a homogeneous object consisting of a single material with a constant re-
fractive index. By replacing the lateral Laplace operator with a Fourier-based pseudo
operator, the TIE can be converted into an expression for the phase information of the
object obtained from a measurement of the intensity at distance x

Φ =
δ

2β
· lnF−1

[
F [Ix]

δx
2kβ |k|2 + 1

]
.

This phase retrieval approach was first described by Paganin et al. and is named after
its initial assumption as single material object reconstruction (SMO) [141].

Exemplary reconstructions of the phase SMO phase retrieval are shown in the first
row of Fig. 1.6C. While the SMO reconstruction is well suited for the direct contrast
regime and a singlematerial object with a low δ

β ratio, the pseudo differential operator
leads to image blurring for higher δ

β ratios.

Another approach suited for the direct contrast regime is the Bronnikov-aided correc-
tion (BAC) [142]. It is a two step reconstruction of the object properties. First the
phase information is obtained by the Modified Bronnikov algorithm (MBA) which is
also based on the TIE

Φ = 2πFF−1

[
F [Ix − 1]

|k|2 + α

]
,

where α is an absorption-dependent regularization parameter to suppress numerical
instability caused by the singularity at k = 0. For α = 4πβ

δ , the MBA reconstruction
scheme delivers the similar results for a weak object as the SMO. In order to restore
image sharpness, a second step is applied for the BAC reconstruction. For weakly
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absorbing materials, the intensity in the object plane can be approximated by the the
near-field TIE

I =
Ix

1− x
k∇2Φ

.

Using the MBA to approximate the phase of the object and by introducing a regular-
ization parameter γ ≈ x

k , an effective intensity distribution in the object plane can
be calculated. Compared to the SMO, the BAC maintains the sharpness of the recon-
structions in the direct contrast regime [143]. However, both algorithms introduced
above fail in the holographic regime.

The original approach for holographic phase reconstruction is based on the Fresnel
diffraction operator and was proposed by Gabor [144]. By a back propagation of the
measured intensity, the phase information in the object plane can be approximated.
However, this scheme yields strong artefacts from twin images emerging from the
ambiguity of the Fresnel back propagation.

In our group other phase retrieval algorithms for propagation-based X-ray phase re-
trieval in the holographic regime were developed[94]. For instance, they are based
on the TIE for arbitrary propagation distances (Holo TIE) or iterative propagation
schemes [145–147].

The most commonly used approach for is based on the CTF and was proposed by
Peter Cloetens and coworkers more than 20 years ago [148]. It allows to combine in-
formation fromprojections acquired at different propagation distances. Considering a
homogeneous object with a slowly varying phase, the phase distribution in the object
plane Φ(r⊥) is given by

Φ(r⊥) = F−1

[∑
N (sin(χ) + β

δ cos(χ)) · F
[
INx (r⊥)− 1

]∑
N 2(sin(χ) + β

δ cos(χ))2 + α(k⊥)

]
,

withnatural unitsχ =
λxk2

⊥
4π for the squared spatial frequencies, a frequency-dependent

regularization parameter α(k⊥) for regularization of low and high frequencies andN
indicating the index of the respective distance x. The bottom row of Fig.1.6C shows
the performance of the CTF in direct contrast regime and the holographic regime for
a weakly absorbing object with a strong phase shift measured at a single distance.

Compared to the other two approaches, the CTF is well suited to retrieve the phase in-
formation for small Fresnel numbers. Despite it being initially developed to solve the
phase problem in the holographic regime, image contrast and details are comparable
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to SMO and BAC reconstruction for the direct contrast regime. Image quality can fur-
ther be improved by using a non-linear approach of the CTF based on aminimization
of the Tikhonov functional [149, 150].

Since propagation-based phase contrast is a phenomenon based on interference, it
requires spatial and temporal coherence of the illuminating radiation. Some phase
retrieval algorithms, such as the CTF and most iterative approaches, only work for
highly coherent monochromatic illuminations of single material objects. For others
such as BAC and SMO, the restrictions are not so severe and also partially coherent
laboratory sources can be used. The advantage of the BAC algorithm compared to the
SMO approach was shown for laboratory data by Töpperwien at al. in 2016 [143].

Note, that for cone beam geometries, the geometry of the setup also influences the
wave propagation. The Fresnel scaling theorem states that the coordinate system of
a cone beam acquisition can be transformed to a parallel geometry by considering an
effective propagation distance xeff

xeff = x12/M .

Hence, the Fresnel number has to be adjusted with the magnification Feff = F/M .

After image acquisition and phase retrieval, the integrated phase information along
the propagation path of the X-ray can be determined. In order to obtain the 3d volume
from 2d projections a tomographic reconstruction has to be performed.

1.3.4 Tomographic reconstruction

The phase retrieved images yield the accumulated phase information along the prop-
agation path of the X-rays. In order to access the 3d structure of the sample, a set of
2d projections at different angular positions has to be acquired.

The process of image acquisition can bemathematically described by the Radon trans-
form developed in 1917 by Johann Radon [151]. In the following we consider one
2d slice of the 3d volume described by f(x, y) which lies orthogonal to the rotation
axis in a setup with a parallel beam geometry. The corresponding pixel line of the
detector perpendicular to the rotation axis at rotation angle θ can be described by
s = x cos θ − y sin θ. The integrated phase shift Pθ along s is given by [152]

Pθ =

∫ ∞

−∞

∫ ∞

−∞
f(x, y)δD(x cos θ − y sin θ − s)dx dy ,
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where δD denotes the Dirac delta distribution.

Based on the inversion of the Radon transform, a 3d volume can be reconstructed
slice by slice from the 2d projections. In order to retain image sharpness, a ram-lak
(high-pass) filter has to be applied in Fourier space [118, 152].

The minimum number of angular positionsNθ, which has to be acquired to perform
a proper tomographic reconstruction, depends on the number of detector pixels per-
pendicular to the axis of rotation Ny and is given by the Nyquist sampling theorem
Nθ ≥ Ny

π
2 [152].

However, it is also possible to achieve reasonable image quality for sampling rates
below Nyquist. For instance, undersampling artefacts in low dose CT can further
be reduced by mathematical approaches such as by minimizing the total variation of
the estimated image [153], equally sloped tomography [154] or Bayesian statistical
reconstructions [155]. Another growing field in artefact reduction of tomographic
data is the combination with machine and deep learning networks [156–158].

1.3.5 Virtual histology

After image acquisition, phase retrieval and tomographic reconstruction, the 3d vol-
ume can be further investigated. Compared to conventional absorption-based X-ray
imaging, phase-contrast tomography yields a relatively high signal to noise level even
for unstained, formalin-fixed, paraffin-embedded (FFPE) tissues and allows the de-
struction free investigation of 3d tissue structures with an isotropic resolution. Tomo-
graphic reconstructions of biological samples can be cut virtually in arbitrary orien-
tations. Thus, the 3d structure can be analyzed to improve the understanding of the
tissue properties. Hence, high-resolution X-ray CT is often referred to virtual histol-
ogy, extending conventional histology by a third dimension [159–162]. Furthermore,
X-ray phase-contrast tomography of FFPE blocks enables conventional histology af-
ter image acquisition. It can be beneficial to know the 3d sample structure within the
paraffin block prior to the sectioning process. For instance, knowing the position of a
tumorwithin the tissue facilitates the search via histology for further characterization.
Moreover, the paraffin block can be mounted in an optimized orientation [163]. Vir-
tual and conventional histology can be superimposed to improve the understanding
of the tomographic data.

Additional data from post processing of the volume, such as segmentation of cer-
tain cellular features or the investigation of cell densities, structural orientation or
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distances between nuclei in 3d, can reveal new insight on functionality. For exam-
ple, previously unknown correlations between the orientation of granular cells and
the dendrite tree of purkinje cells in the human cerebellum were recently discovered
[164].

3d virtual histology is a growingfield in neuroscience aswell as in research concerning
other organs, such as the pancreas [165], the kidneys [166], the vasculature or the skin
[167, 168]. Related to the current world wide pandemic, structural changes in lung ar-
chitecture for severe cases of Covid-19, previously observed by conventional methods
[169, 170], were recently also confirmed by propagation-based phase-contrast X-ray
tomography [171, 172]. In our work, we performed a segmentation of small capillar-
ies and the hyaline membranes covering the surface of the alveoli and thus hindering
the transport of oxygen. Furthermore, characteristic distances from tissue interior to
the closest air compartment and the distribution and density of lymphocytes within
the tissuewere characterized. Parameters like these can help to categorize pathologies
in the future.

In order to access the 3d structure, one does not necessarily need to apply for beam-
times at synchrotron radiation facilities. Also partially coherent laboratory sources
allow for sufficient image quality to analyze 3d tissue properties [143, 173, 174].

New staining procedures for 3d X-ray analysis are under development to increase im-
age quality. Using high-Z materials such as iodine or phosphotungstic acid (PTA),
tissue contrast can be enhanced [175]. However, 3d tissue staining yields the uncer-
tainty of staining artefacts such as unspecific binding or a contrast gradient between
the surface and the sample core caused by spatially and temporally anisotropic stain
penetration. Protocols for conventional histological stains such as the HE stain were
adapted for 3d X-ray imaging [176–178]. This stain is already established and also
works for dense tissues such as liver tissue.

The advent of 3d virtual histology has delivered first new insights on the correlation
between organ structure and function. Nevertheless, it is still a new technology that
needs to be further optimized. The full potential of 3d virtual histology can be ex-
ploited by improving image quality and establish novel analysis workflows to charac-
terize the tissue structures.

The next section gives an overview of the current status and recent progress of 3d
virtual histology of cardiac tissue.
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1.3.6 Virtual histology of cardiac tissue

Compared to clinical imaging of the heart, which is optimized for diagnostics, virtual
histology of cardiac tissue aims to resolve the structure of the heart on the sub-cellular
scale for the entire organ. In this context the architecture of the cellular arrangement,
its development as well as the influence of CVDs is analyzed [63]. Since the objective
of fundamental and preclinical research differs from clinical imaging, the boundary
conditions are set differently. First of all, most image acquisition is performed post
mortem. Hence, dose delivery is usually not limiting during image acquisition. Fur-
thermore, most investigations are performed on small animal models, such as mice
or rabbit, before human studies are performed. In the following, the current state of
preclinical cardiac imaging, including the work related to this thesis, is presented.
The first reconstructions of entire small animal hearts using laboratory instruments
were obtained with a resolution of down to 30 µm using iodine-based contrast agents
[179, 182]. A slice of the tomographic reconstruction is shown in Fig. 1.7A. Further-
more, the cardiac conduction system as well as the influence of congenital heart dis-
ease was investigated [179, 183, 184].
In context with this work, the influence of heavy-metal staining agents as well as alter-
native preparation methods such as tissue dehydration on the cardiac structure was
analyzed [2]. Using a liquid metal jet setup, samples were investigated at a resolution
of about 5µm,whichwas previously not achievedwith laboratoryX-ray sources. Addi-
tionally, the tomographic reconstruction of a murine heart, prepared by the Evapora-
tion of Solvent method, was also probed by a novel approach to identify the cardiomy-
ocyte orientation. The orientation analysis is based on a local Fourier transform of the
electron density and was compared to an established gradient-based method, which
was previously applied to synchrotron data [185].
In order to achieve higher resolution and contrast (also for hydrated tissue) coherent
and brilliant illumination from synchroton radiation facilities is needed. In Fig. 1.7B
and C, the gain in image quality is visualized for a PTA stainedmurine heart recorded
by Dullin et. al. [180]. Figure 1.7B shows a reconstruction from an absorption-based
laboratory system with a voxelsize of 40 µm. The same heart was also analyzed at
the SYRMEP beamline at the Synchrotron Light Source Elettra (Trieste, Italy) using
propagation-based phase contrast at a voxelsize of 18µm(Fig. 1.7C). Due to the higher
photon flux andmonochromatic illumination, the signal-to-noise ratio was increased
and the pixel size reduced.
Further studies of (stained) cardiac tissue were performed on small animal and hu-
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Fig. 1.7: 3d virtual histology of cardiac tissue. In the top row tomographic recon-
structions of small animal hearts stainedwith heavy Z elements are shown. (A)One of
the first laboratory reconstructions of an entire rat heart stained by an iodine solution
recorded at a resolution of 30 µm [179]. (B) PTA stained murine heart first analyzed
at a laboratory setup at a voxelsize of 40 µm [180]. (C) The same heart analyzed at
a synchrotron radiation facility at a voxelsize of 18 µm [180]. The lower part shows
tomographic reconstructions of unstained murine hearts aquired at a synchrotron ra-
diation facility [181]. (D) First low resolution scans with a voxelsize of 6.5 µm were
acquired. (E) Afterwards, high resolution scans of region of interests were recorded
at a voxelsize of 650 nm. Scale bars: A,B,C: 2 mm, D: 3 mm, E: 250 µm.
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man hearts using grating interferometry or edge illumination [186–189]. This ap-
proach also enables a high contrast for soft tissue, but is limited in resolution by the
grating or mask properties.

Propagation-based X-ray phase contrast studies of hydrated cardiac tissue from hu-
man and murine hearts allow to study the myofiber network in higher detail [181,
190–194]. The lower part of Fig.1.7 shows an examplary study of a hydrated murine
heart by Dejea et. al. [181]. First, the entire heart was scanned at an effective pixel
size of 5.8 µm (Fig.1.7D). Afterwards, high resolution tomograms with a voxelsize of
0.65 µm were acquired in regions of interest (see Fig.1.7E). In this study, the vascu-
larity and collagen network was segmented and the myocyte orientation was calcu-
lated. In order to facilitate the identification of the collagen, the segmentation was
performed based on a tomographic reconstruction without phase retrieval and com-
pared to histological microscopy images afterwards. The bright spaces between the
cardiomyocytes are claimed to be a collagen matrix supporting the myocyte network.
However, there is a risk that edge enhancement artefacts of the reconstruction were
mistakenly claimed to be collagen. In order to confirm conclusions from tomographic
reconstructions of sub-cellular structure, artefacts from incorrect or missing phase re-
construction have to be excluded. A solution to this issue is a proper phase retrieval
using iterative phase retrieval algorithms. Furthermore, tomographic reconstructions
at smaller voxelsizes can be used to confirm the assumptions.

In a previous proof-of-concept experiment performed by our group, biopsies of cardiac
tissue were first scanned at a laboratory setup in parallel beam geometry at a voxelsize
of 0.65 µm. Afterwards, high resolution tomograms with a voxelsize of about 190 nm
were acquired at the synchrotron in cone beam geometry [195]. Within the scope of
this thesis, the cardiac structure is investigated in a multiscale X-ray phase-contrast
tomography approach [3]. Three different configurations of the GINIX endstation
were used to record projections at different levels of magnification [165, 196]. First,
overview scans of entire murine hearts were acquired at 3.25 µm voxelsize. Regions
of interest were than analyzed at 0.65 µm voxelsize before a biopsy punch was taken
and scanned at a voxelsize of 167.5 nm. Using iterative phase retrieval algorithms
the challenge of a proper phase retrieval in the field of virtual histology is overcome.
Phase retrieval was performed by a non-linear approach of the CTF.

So far propagation-based X-ray imaging at synchrotron radiation facilities seems to be
the best technique to image the 3d cardiac structure in high detail. It enables a high
contrast even for unstained tissue, either embedded in paraffin or in solution. Using
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this approach, studies on the influence of cardiovascular disease in mouse models
were performed [181, 197]. Besides differences in fiber orientation, the wall thickness
of the myocardiumwas analyzed and a few single cardiomyocytes were manually seg-
mented. Experiments and analyses of this kind can provide the basis for a deeper
understanding of various diseases.

Recently, we investigated cardiac tissue samples of patientswho succumbed toCovid-19
by propagation-based phase contrast [4]. Previously, structural changes of the vascu-
larity due to the disease were observed in lung tissue of Covid-19 patients [169–171].
In severe cases of the disease, the body formsnewvessels via a process named intussus-
ceptive angiogenesis, possibly to compensate for disturbances of the blood circulation
due to microthrombi. By a deep learning based segmentation of the vascular system
and graph theory we could show that these changes also occur in cardiac tissue. Fur-
thermore, structural changes on a cellular level were also observed from laboratory
recordings and are described by an analysis of the cellular alignment. The high res-
olution synchrotron reconstructions reveal sub-cellular structures such as myofibrils,
nuclei but also “pillars” within small capillaries, which are a hallmark for intusussep-
tive angiogenesis.

On the sub-cellular level, X-ray virtual histology is very challenging. Most of the work
presented above was performed at setups which are designed for a minimal voxelsize
of 650 nm. The advantage of the comparably large penetration depth for X-rays com-
pared to conventional imaging techniques as fluorescence imaging does not play a
role when analyzing single cardiomyocytes. Contrarily, the weak interaction of hard
X-ray and soft matter is challenging when analyzing single cardiomyocytes. However,
the fact that X-ray tomography can be performed independent of labeling and yields a
contrast for the 3d electron distribution, it reveals the unaltered structure of the object.
Thus, it can be used to verify or extend studies obtained by other imaging techniques.

Within the scope of this thesis, we performed a proof-of-concept experiment showing
that it is possible to reconstruct the 3d electron density distribution of isolated car-
diomyocytes using propagation-based X-ray tomography [5]. Using the high resolu-
tion cone beamwaveguide setup of theGINIX endstationwe could image freeze-dried
cells at a voxelsize of 45 nm. Furthermore, the actin network of the cell was labeled
by a fluorescent dye and imaged using a confocal microscope. In the tomographic re-
constructionmyofibrils andmitochondria can be identified. The limit in resolution of
X-ray phase-contrast tomography of biological samples is not set by Abbe, but rather
by the low contrast for soft tissue and by the geometry and stability of the imaging
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setup. One possibility to probe molecular structures smaller than mitochondria, such
as the actomyosin lattice, is X-ray diffraction presented in the next section.

1.4 X-ray diffraction of muscle tissue

1.4.1 Development of X-ray diffraction

X-ray diffraction is an imaging technique known from crystallography, which allows
the molecular structure of crystalline samples to be probed [30]. The concept of X-ray
diffraction dates back to Bragg’s law for constructive interference, which was pub-
lished in 1913 by Lawrence Bragg and his father William Henry Bragg [198]. In cur-
rent research, X-ray crystallography is used to encode the structure of protein com-
plexes by analyzing far field diffraction patterns. Recently, the structure of the SARS-
CoV-2 virus and its binding properties to different drugs were characterized using X-
ray diffraction [199]. One of the biggest challenges in conventional X-ray diffraction
crystallography of protein structures is the manufacture of protein crystals without
changing the gross and local molecular arrangement and the natural function [200,
201]. However, it is also possible to probe the structure of samples which do not have
a perfect crystalline structure.

First X-ray diffraction studies of biological materials were performed on samples con-
taining natural protein fibers such as silk, wool, but also nerve, tendons and mus-
cle tissue using laboratory X-ray sources [202, 203]. Moreover, in 1953, the helical
desoxyribonucleic acid (DNA) structure was encoded by James Watson and Francis
Crick with diffraction data from Rosalind Franklin [204]. Around the same time, X-
ray diffraction studies on muscle tissue were resumed using rotation anode sources
[205, 206].

The orientation dependent scattering properties of muscle tissue were already known
from polarized light microscopy before the discovery of X-rays by Röntgen [19]. The
naming of the A and I band of the sarcomere goes back to the scattering properties
and indicates the diffractive properties of muscle. The presence of myosin rods in the
A-band with a constant length was confirmed in the 1860s [207, 208]. However, it
took another 100 years until the basic principle of muscle contraction was revealed by
a correlative imaging approach involving light microscopy, electron microscopy and
X-ray diffraction.

In 1954 X-ray diffraction experiments as well as light and electron microscopy record-
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Fig. 1.8: X-ray diffraction of muscle tissue. (A) Schematic setup of a scanning X-
ray diffraction beamline. Monochromatic beam, focusing optics (usually beryllium
lenses or a pair of KBmirrors), sample stage, beamstop to block primary beam and de-
tector. (B) Laboratory diffraction pattern, acquisition time 14 hours [215]. (C) Diffrac-
tion pattern acquired at DESY synchrotron in 1 hour [215]. (D) X-ray diffraction pat-
tern of a murine calf muscle acquired at Beamline 18 (Advanced Photon Source, Ar-
gonne National Laboratory) in 0.375 seconds [216].

ings on frog muscle were performed by Hugh Huxley and Jean Hanson as well as
by Andrew Huxley and Rolf Niedergerke. Both groups observed a correlation be-
tween the change in length of H-zone and Z-disc movement, supporting the sliding
filament theory [19, 209, 210]. Their results were confirmed by follow up studies in
the 1960s, which involved electron microscopy and laboratory X-ray diffraction and
could prove the existence of cross-bridges between actin and myosin by the globular
heads of myosin [211–214]. However, the photon flux of laboratory sources and the
data quality of the pattern was too low to carry out dynamicmeasurements onmuscle
contraction at that time.
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Due to developments in X-ray generation using synchrotron radiation facilities, ac-
quisition times and data quality of diffraction measurements could be improved. In
August 1970 the first X-ray diffraction experiment at a synchrotron was performed on
an insect flight muscle [217]. The acquisition time at laboratory diffraction setups is
in the range of hours to days when analyzing soft tissue samples such as muscle tis-
sue [215]. Figure 1.8B shows a diffraction pattern of a bug flight muscle recorded in
14 hours using a rotation anode source. The same tissue was analyzed at the DESY
synchrotron. The corresponding diffraction pattern was acquired in one hour and is
shown in Figure 1.8C. The reflections marked with a 10 and 20 corresponds to the
d(1,0) and d(2,0) myosin-myosin filament distance. They define the equatorial plane.
The doublets occur from different lattice planes (e. g. c: d(2,1) and d(3,0)). The hori-
zontal reflections (meridional plane) occur from the cross-bridge repeat at themyosin
head binding sites and the helical arrangement of cross bridges around the thick fila-
ment. Intensity changes of reflections a and b indicate changes of cross-bridges posi-
tions.

The first beamline designed for X-ray diffraction started its operation in 1972 inside
bunker 2 of DESY in Hamburg. The focused monochromatic beam had a cross sec-
tion of 200×250 µm2 and a flux of 109 ph/s. Compared to a rotating anode source,
the flux density was two orders of magnitude higher. However, time-resolved stud-
ies of oscillating insect flight muscle remained without the success hoped for [215].
One of the reasons for the failure of the experiment is the small change of the acto-
myosin lattice spacing for insect flight muscle. In 1981 Huxley could show changes in
meridional reflections obtained from contracting frog muscle at the EMBL outstation
of the DORIS facility in Hamburg [218]. The advantage of frog muscle studies is the
easy dissection process, the possibility to induce a contraction by electrical stimulus
and the comparably large variation in actomyosin lattice spacing during contraction.
However, compared to insect flight muscles with a highly crystalline structure, the
signal of the reflections is comparably weak.

Further improvements in X-ray generation led to higher quality and increased pho-
ton flux. Third generation synchrotron radiation enabled to measure the dynamic
changes in the diffraction patterns on the millisecond time scales [219, 220]. The
gain in image quality is visualized in the lower row of Figure 1.8. Compared to lab-
oratory (B) and first synchrotron results (C), the diffraction pattern of a murine calf
muscle recorded in 0.375 seconds at beamline 18 (Advanced Photon Source, Argonne
National Laboratory) shows clear reflections with higher detail (D) [216].
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In 1990 , the substructure of the actin and myosin rods as well as the ATP binding
sites could be decoded by protein crystallography [30]. Furthermore, it was shown by
X-ray diffraction that the actin and myosin molecules are not totally rigid, but show
variation in length of about 0.3 to 0.5% under tension [221, 222].

1.4.2 Scanning small angle X-ray scattering

The real space resolution of classical X-ray diffraction is given by the area illuminated
by the X-ray beam. Thus, it is not possible to identify local differences in the cellular
structure or dynamics at scales smaller than the beam diameter. With recent progress
in X-ray focusing capabilities such as Beryllium lenses and KB mirror systems, a new
field of application for X-ray diffraction evolved [223–225].

Figure 1.8A shows a sketch of a scanning small angle X-ray scattering (scanning SAXS)
setup. Compared to classical X-ray diffraction experiments, theX-ray beam is addition-
ally focused. By lateral movement of the sample through the nano- or micro-focused
beam, diffraction patterns are recorded at different positions. Since the diffraction
pattern yields the structural information of the illuminated area, local structural pa-
rameters can be observed.

For the analysis of muscle tissue, scanning SAXS is a suitable technique to probe the
local actomyosin structure. In previous work of our group we investigated the struc-
ture of 2d cardiac tissue slices. Besides identification of the local lattice spacing by the
peak positions, the total scattered intensity and the degree ofmyofiber orientationwas
determined [226, 227]. By the analysis of the local diffraction patterns, differences in
structural arrangement were observed for diseased heart tissue compared to a healthy
control sample [228].

Furthermore, the structure of isolated biological cellswas investigated by formermem-
bers of our group [229–232]. In combination with fluorescent staining and STED or
with X-ray holography, the orientation of singlemyofibrils can be determined by X-ray
diffraction of single cells [233–235]. However, the sample preparation for single cell
analysis is challenging. First experiments of isolated cells were performed on freeze-
dried cardiomyocytes mounted on thin silicon nitrite foils. The diffraction patterns
obtained in these experiments show a local anisotropy, however they do not show the
characteristic peaks [236].

Using a liquid chamber, hydrated chemically fixed cells can be investigated [226].
The diffraction patterns obtained from hydrated cardiomyocytes show a characteris-
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tic peak for the actomyosin lattice. Hence, the molecular structure of the sarcomere
is better preserved compared to the freeze-dried preparation. While the intra-cellular
signal as well as myofiber orientation do not show large deviations, variations of the
mean lattice spacing were observed between different cells. Furthermore, the choice
of the fixing agent affects the actomysin structure.

In this work, the scanning SAXS analysis was combined with high resolution X-ray
tomography. In addition to the investigation of freeze-dried and hydrated cells, the
previous work was extended to in vivo studies of freshly isolated cardiomyocytes [5].
The combination of X-ray diffraction, fluorescent imaging and phase-contrast tomo-
graphy allows to probe the molecular structure of the cells, as well as the 3d electron
density distribution.

In order to investigate the entire structure of the heart, a multiscale imaging approach
ranging from the scale of the entire organ down to the actomyosin arrangement is
needed and can be provided by the the work flow developed in this thesis.
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Abstract

Purpose: Here we present a phase contrast X-ray tomography study of wild type
C57BL/6mouse hearts, as non-destructive approach to themicroanatomy on the scale
of the entire excised organ. Based on the partial coherence at a home-built phase-
contrast µ-CT setup installed at a liquid metal jet (LMJ) source, we exploit phase re-
trieval and hence achieve superior image quality for heart tissue, almost comparable
to previous synchrotron data on the whole organ scale.
Approach: In this work, different embedding methods and also heavy metal-based
stains have been explored. From the tomographic reconstructions, quantitative struc-
tural parameters describing the 3D architecture have been derived, by two different
fiber tracking algorithms. The first algorithm is based on the local gradient of the re-
constructed electron density. By performing a principal component analysis (PCA)
on the local structure-tensor of small sub-volumes the dominant direction inside the
volume can be determined. In addition to this approach which is already well estab-
lished for heart tissue, we have implemented and tested an algorithm which is based
on a local 3D Fourier transform.
Results: In this study, we could show that the choice of sample preparation influ-
ences the 3D structure of the tissue, not only in terms of contrast, but also with re-
spect to the structural preservation. A heart preparedwith the EvaporationOf Solvent
method was used to compare both algorithms. The results of structural orientation
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were very similar for both approaches. in addition to the determination of the fiber ori-
entation, the degree of filament alignment and local thickness of single muscle fiber
bundles was obtained using the Fourier-based approach.
Conclusions: Phase contrast X-ray tomography allows to investigate the structure of
heart tissue with an isotropic resolution below 10 µm. The fact that this is possible
with compact laboratory instrumentation opens up new opportunities for screening
samples and to optimize sample preparation, also prior to synchrotron beamtimes.
Further, results from the structural analysis can help to understand cardiovascular
diseases or can be used to improve computational models of the heart.

2.1 Introduction

Heart contractility as one of the most important physiological functions relies on an
intricate, hierarchicalmolecular and cellular architecture. Themacroscopic structure
of the heart and the inner structure of heart muscle is known formore than a hundred
years from classical anatomy and histology. However, by the invasive nature of histo-
logical sectioning impedes the reconstruction of the detailed three-dimensional (3D)
arrangement of cardiomyocytes and myofibrils for the whole organ. Accordingly, the
3D structure of heart muscle is not completely understood and there are many differ-
ent attempts to describe it, as for example the controvers discussed helical ventricular
myocardial band[20] or the idea of a complex 3Dmesh of cardiomyocytes surrounded
by a fibrous matrix[13, 22]. Verification of these fundamental models requires high
resolution imaging of the heart structure. Ultrasound and diffusion tensor magnetic
resonance imaging (MRI) are incapable to resolve the cellular structures of the entire
heart with a resolution in the range a few micrometer [91]. Conventional absorption-
based X-ray imaging results in low contrast, since the X-ray absorption of heart tissue
is relatively small compared to mineralized tissues such as bone. One way to increase
contrast is the use of metal-based stains such as iodine[179, 237, 238]. In order to in-
crease contrast for unstained tissue, its phase-shifting properties can be exploited for
contrast formation in weakly absorbing objects. For soft tissue the real-valued decre-
ment δ of the refractive index n = 1 − δ + iβ is by one to three orders of magnitude
larger (depending on tissue composition and X-ray wavelength λ) than the imaginary
part β. Phase-contrast X-ray imaging therefore offers superior image quality and in
particular visibility of small features down to cellular and sub-cellular scale, while
keeping the penetration depth at the scale of the whole organ. The overall potential
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of the method has already been convincingly lined out using synchrotron radiation
(SR) with a parallel beam geometry[181, 187, 190, 193, 194, 239]. In prior work, we
could show that even sub-cellular features in heart tissue biopsies can be resolved
[195] by cone beam phase contrast tomography with SR.

In this work we explore an approach to small animal heart imaging based on compact
laboratory instrumentation. Firstly, this offers broader accessibility of the method,
including further clinical settings in future. Secondly, high end SR beamtimes can
be better prepared if different samples can be screened and sample preparation proto-
cols can be optimized beforehand using laboratory instrumentation. In particular, we
show that the image quality and resolution is high enough to deduce the 3D (pseudo-
)vector field of heart tissue. Note that the structure of heart poses a multi-scale chal-
lenge for structure analysis, based on the different hierarchies: heart, cardiac mesh,
aggregation of myocyte chains (aggregated units), connective tissue, myocyte chain,
single cardiomyocyte, myofibril and finally the sarcomere as the molecular machine
underlying contractility. Here we present phase contrast reconstructions of whole
mouse hearts with pixel sizes around five microns. Based on the reconstructed elec-
tron density, the orientation of the muscle fiber bundles can be determined. To this
end, we compare two different sub-volume-based algorithms. The first algorithm is
based on the Fourier transform[191, 240]. Its implementation and validation was one
of the main goals of the present work. By analyzing the Fourier space of small sub-
volumes, the fiber orientation, the degree of filament alignment and also structural
information as local thickness of single muscle fiber bundles can be obtained. Results
from this algorithm are then compared to a more established approach based on the
local gradient of the reconstructed electron density, whichwas already applied to high
resolution synchrotron data[185, 193, 194].

The manuscript is organized as follows. Following the introduction, the procedure of
sample preparation, data acquisition, phase reconstruction and tomographic recon-
struction is described in Sec. 2.2. The quality of the 3D electron density obtained for
the different preparations is than evaluated in terms of resolution, signal-to-noise and
preservation of the cardiac structure in Sec. 2.2.3. In Sec. 2.3 the Fourier-transform-
based algorithm including the analysis of orientation, degree of alignment and fiber
thickness is introduced and compared to the gradient-based approach. In Sec. 2.4 the
work is summarized and further possibilities for data analysis and possible applica-
tions as well as restrictions of this procedure are pointed out.
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2.2 Three-dimensional structure of a whole mouse
heart

2.2.1 Sample preparation

Fig. 2.1 presents the imaging setup, coordinate system and representative images of
the samples. The heart structure of wild type C57BL/6 mice was investigated, using
five different preparations, in view of comparing contrast and signal-to-noise ratio:

1. paraffin embedding[166],

2. paraffin embedding with an iodine stain[238],

3. paraffin embedding with a phosphotungstic acid (PTA) stain[166, 241],

4. embedding in liquid ethanol[242],

5. evaporation of solvent method (EOS)[173].

The whole explanted hearts were washed in phosphate-buffered saline and fixated in
4% formaldehyde solution for 24 hours. The stains were administered in solution by
diffusion of the staining agent, with incubation times of 24 hours (iodine) or 7 days
(PTA). Afterwards the samples were dehydrated in an increasing series of ethanol. For
paraffin embedding the hearts were transferred to xylene and cast in paraffin. Excess
paraffin was removed with a scalpel before imaging the sample. The heart embedded
in 100% ethanol solution was mounted in a polyimide tube (Kapton, Professional Plas-
tics, Inc.) with an inner diameter of 6 mm and a wall thickness of 75 µm. The EOS
method was performed following the protocol described in [173].It is based on dehy-
dration of the fixed sample in ethanol, removal of lipids using xylene similar to the
classical histology procedure. The major difference is a evaporation of xylene instead
of the transfer to liquid paraffin. The evaporation of xylene results in tissue shrink-
age but does not alter the gross morphology[173]. The sample was also mounted in a
polyimide tube with an inner diameter of 6 mm. An image of the different samples
can be seen in Fig. 2.1c.

2.2.2 Data acquisition and phase reconstruction

Data acquisitionwas performed at a laboratory liquidmetal jetµ-CT (ExcillumMetaljet-
D2) shown in Fig. 2.1a. The X-rays were produced by electrons focused on a liquid
Galinstan (68.5% Ga, 21.5% In and 10% Sn) jet with a diameter of approximately 180
µm. For the experiments in this work the electrons were focused down to 10×40 µm2
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Fig. 2.1: (a) Sketch of the laboratory liquid metal jet µ-CT setup with electron beam
sketched in blue and X-ray beam in yellow. The emission spectrum can be filtered
(i.e. pre-hardened) by metal foils. The sample is placed at a distance x1 behind the
source spot and projections are recorded with a flat panel detector at distance x2. (b)
Definition of the coordinate system. Point in the heart are parameterized by cylindri-
cal coordinates, i.e. z along the long axis positioned in the center of the left ventricle,
azimuthal angle φ, and radial distance r. The fiber orientation are parameterized by
the in-plane angle ψ and the helical angle ν. (c) Image of the different samples. From
left to right: unstained, iodine and PTA stained paraffin embedded hearts, polyimide
tube for sample mounting, EOS heart. (d) Empty beam-corrected projection acquired
at the laboratory setup and the corresponding phase reconstruction.
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resulting in an effective spot size of approximately 10×10 µm2. The source was op-
erated with a power of 100 W at an acceleration voltage of 70 keV. For samples with
a higher absorption the emission spectrum of Galinstan with a characteristic energy
at 9.25 keV (Ga Kα) was pre-hardened by a metal filter (35 µm Ag, 25 µm Ni) result-
ing in a peak energy of the Kα emission line at 24.2 keV[243–245]. The metal filter
was installed behind the exit window of the source. The samples were mounted on
a motorized triaxial translation and rotation stage (SmarAct GmbH, PI miCos GmbH)
at a distance x1 = 10 - 13 cm behind the source. Two additional translations stages
(PI miCos GmbH) below the rotation axis allow the positioning of the rotation axis
along the optical axis. For image acquisition a flat panel detector with a GsOS:Tb-
scintillator screen (Dexela CMOS, PerkinElmer Inc.) consisting of 1536 × 1944 pixels
with an isotropic pixel size of dx = 75 µm on motorized three directional translation
system was placed at a distance of x2 = 150 - 180 cm behind the sample. The cone
beam geometry of the setup allows to customize zoom and field of view (FOV) by ge-
ometric magnificationM = x1+x2

x1
and leads to effective pixel sizes of dxeff = dx

M =

5.2 - 5.5 µm for the different data sets[140]. Due to a small effective source spot the
effects of source blurring are relatively small. Considering the cone beam geometry
projections were taken from 1001 equidistant angular positions over 185◦ for all data
set. To increase the signal without saturating the detector, five acquisitions at each
position were recorded and averaged. For the metal stained samples, the increased
photon absorption of the tissue leads to a decrease in detectable photons at the detec-
tor plane. Most notably, low energy photons are absorbed by the sample. To reduce
beam-hardening artifacts, the spectrum of the emitted X-rays was pre-hardened by a
metal filter and the acquisition time was adapted to keep the photon flux of the empty
beam comparable between the measurements. The acquisition and geometric param-
eters are given in Tab. 2.1, and were chosen in view of magnification/sample size and
visibility of phase contrast effects (edge enhancement).

There are different approaches for the phase retrieval of the single projections such
as Paganin’s Single Material Object approach[141, 246], the contrast transfer func-
tion[148] or iterative algorithms[145]. In this work the Bronnikov-aided correction
(BAC) was used[142]. The BAC approach provides optimal results for the imaging of
weak objects such as soft tissue in the direct contrast regime, in particular at low coher-
ence sources[143]. In addition to the phase shifting properties of an object, BAC also
takes the absorption into account. This leads to a reconstruction of the image proper-
ties based on coupled (mixed) phase and absorption contrast, without losing resolu-
tion due to a blurring of the reconstruction. Fig. 2.1d shows an empty beam-corrected
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Table 2.1: Acquisition parameters for the tomographic measurements at the labora-
tory µ-CT setup.

preparation method Paraffin Paraffin
+ PTA

Paraffin
+ Iodine

Ethanol EOS

x1 (cm) 10.00 10.00 12.75 12.75 12.75
x1 + x2 (cm) 144.60 144.60 174.40 174.40 180.50
effective pixel size (µm) 5.2 5.2 5.5 5.5 5.3
beam pre-hardening no yes yes no no
acquisition time (s) 5 × 0.6 5 × 1.6 5 × 1.6 5 × 0.6 5 × 0.6

projection from the analysis of the EOS preparation on the left hand side. The cor-
responding reconstruction in which the edge enhancement was corrected is given on
the right hand side of the image. For small propagation distances x between the object
and the detector, the transport of intensity equation (TIE) can be linearized[118], and
the intensity can be written as Ix = I0(1− x2π

λ ∇2
⊥ϕ). In a first step, the phase ϕ of a

projection is approximated by the modified Bronnikov algorithm (MBA)[247], based
on the TIE inversion of a pure phase object

ϕ =
2π

λx
· F−1

[
F [Ix − 1]

|k|2 + α

]
.

To account for singularities at k = 0, an absorption-dependent regularization param-
eter α is introduced to prevent strong artifacts and blurring. These would amplify
low spatial frequencies in the image and would inevitably corrupt these Fourier com-
ponents resulting in strong artifacts and blurring. The assumption of a weak object
leads to blurred reconstructions of objects with non-negligible absorption. In order to
resharpen the image, a second reconstruction step is applied, in which a weakly ab-
sorbing and homogeneous object is assumed and the (effective) intensity distribution
at the object plane is reconstructed from the approximated phase ϕ via

Ix1
=

I(∆x)

(1− γ∇2
⊥ϕ)

,

where γ is a second α-dependent regularization parameter[143]. All parameters for
the phase reconstruction of the different samples are shown in Tab. 2.2.
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Table 2.2: List of the phase retrieval parameters for the Bronnikov-aided correction.
Embedding Staining α γ

Paraffin none 0.02 0.0690
Paraffin PTA 0.05 0.0690
Paraffin Iodine 0.03 0.0785
Ethanol none 0.02 0.0785
Air (EOS) none 0.02 0.0850

2.2.3 Evaluation of the tomographic reconstructions

The tomographic reconstruction was performed using the ASTRA toolbox[248]. Ad-
ditionally, a ring correction[249] was performed. In order to characterize the three-
dimensional structure of the heart, it is necessary to image the whole organ with suffi-
cient resolution and contrast to identify the direction of the muscle fibers. Therefore,
the results are evaluated with respect to resolution, signal-to-noise ratio and preser-
vation of the tissue structure. Orthogonal slices of all tomographic reconstructions
of the hearts are shown in Fig. 2.2. Each row of the figure shows a slice of the 3D
volume along the long and short axis of the heart. In the lateral slices an area of the
inter-ventricular septum ismarked in yellow and a zoom of the region is shown on the
right. Furthermore, a histogram of all gray values within the 3D volume is given on
the right. The values are defined by the tomographic reconstruction of the effective
absorption coefficient µ

ln
(
I(r)

I0

)
= −µNdxeff,

with the normalized intensity I(r)
I0

of the projections and N = 1944 the number of
horizontal detector pixels. The resolution of the respective data sets was calculated by
the Fourier shell correlation (FSC) [250] of two independent reconstructions obtained
by splitting the projections in two sets with odd and even angles. The signal-to-noise
ratio (SNR) was determined by

SNR =
Asignal − Anoise

σnoise

where Asignal describes the mean amplitude of 100 voxels from a selected area of tis-
sue of the centered slice with the highest signal, Anoise the mean amplitude of the
surrounding medium and σnoise its standard derivation. The resolution obtained by
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Table 2.3: List of the signal-to-noise ratio as well as the resolution obtained at the
laboratory µ-CT for different sample preparations.

Embedding Staining SNR Resolution (µm) Normalized resolution (dxeff)

Paraffin none 8.8 8.15 1.57
Paraffin PTA 25.3 6.80 1.31
Paraffin Iodine 29.2 9.10 1.65
Ethanol none 5.1 8.78 1.60
Air (EOS) none 13.0 6.20 1.17

FSC and the SNR for each preparation is given in Tab. 2.3.

The overall structure of the hearts can be seen in all reconstructions, but the visibility
of detailed structures within the cardiac tissue differ based on the different prepa-
rations. The resolution of all data sets is in the range below two pixel and mostly
depends on the geometric magnification of the setup. Differences of the normalized
resolution can be explained by the contrast and quality of phase reconstruction. Thus,
the main focus is set to the evaluation of contrast and the conservation of the cardiac
structure. In terms of contrast, metal-based staining of tissue samples result in highest
SNR. Due to the penetrationwith high Z-elements the electron density of the tissue in-
creases and thus the interactions with the x-ray in terms of absorption and phase shift-
ing properties. Consequently, the difference between tissue and background leads to
a better contrast. The SNR of both metal stained tissues is over 25 and about three
times higher compared to other preparation, but there are differences in the details
of the tissue structure in both stains, as can be seen in the zoom of the radial slices
in Fig. 2.2. PTA can bind with a higher affinity to various cardiac tissue structures
such as collagen, fibrin and other fibers of connective tissue[251]. On the contrary,
iodine seems to lack this specificity hence, results in blurry reconstructions and ran-
domly clusters at a few regions of the tissue. Furthermore, salt crystals from the buffer
can be identified within the left ventricle. The data set of the dehydrated heart in
ethanol has the lowest SNR, nevertheless single muscle fibers can be identified. The
noise could be suppressed by a longer acquisition time and the contrast enhanced by
a longer incubation in ethanol[242]. In order to keep the results comparable, exper-
iments with higher acquisition time or incubation in ethanol are not shown in this
study. For the preparation of the samples in liquid, it is mandatory to prevent bubbles
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Fig. 2.2: Results of the tomographic reconstructions of the different sample prepara-
tions. For each row, the following items are shown from the left to right: a slice of the
reconstructed volume along the long axis of the heart, a slice along the short axis, a
zoom of the marked area of the inter-ventricular septum and a histogram of all gray
values within the volume. Scale bars: 1 mm.
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because even small bubbles in the liquid can grow and cause motion artifacts. For the
preparations of the hearts mounted in paraffin air bubbles in the heart chamber do
not cause motion artifacts due to the stability of the paraffin. Nevertheless, especially
for the unstained tissue the sharp edges from air to paraffin lead strong scattering of
the x-ray and result in small artifacts in phase reconstruction. The air bubbles can be
removed by vacuumizing the tissue in liquid paraffin. The EOS preparation leads to
a very structured reconstruction of the heart tissue. The removal of water and lipids
lowers the absorption of the sample, but enables an enhanced contrast between tissue
and air. The single muscle bundles separates from each other due to the dehydration
and shrinking of the sample. This leads not only to an increase in contrast but allows
to analyze the thickness of these bundles. Since the cardiomyocytes primary sepa-
rate from each other and do not rupture or break, the principal structure of the heart
should not be affected by this preparation. Further, the EOS reconstruction has a high
SNR and the structure of the tissue is not affected by any staining agent. Hence, the
it set is used for further analysis.

2.3 Orientation of the cardiomyocytes in the heart

2.3.1 Fourier-transform-based algorithm

For the analysis of the heart structure an algorithm based on a local 3D Fourier trans-
form was implemented in Matlab (The MathWorks, Inc.). It is based on the recon-
structed electron density of the sample and delivers the fiber orientation, as well as
the degree of fiber alignment and the local fiber thickness. Due to the clearly recog-
nizable structure, the high SNR and resolution the algorithmwas applied on the heart
which was treated with the EOS method. Before the data was analyzed, the volume
was filtered with a three-dimensional Gaussian function with a standard derivation
of 1 px. The schematic workflow of the analysis is shown in Fig. 2.3. The algorithm is
applied to small sub-volumes (probing volumes) of the tomographic reconstruction,
which are then shifted through the entire heart. For each data point a cube with a
defined edge length l = 48 px is virtually cut from the volume. Fig. 2.3 shows (a) the
volume rendering from the tomographic reconstruction carried out with Avizo (FEI
Visualization Science group), (b) a typical sub-volume and (c) a 2D slice of this sub-
volume. In order to reduce edge effects from the Fourier transform, the sub-volume
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Fig. 2.3: Workflow of the fiber tracking algorithm. (a) Volume rendering of the re-
constructed electron density of a mouse heart treated with the evaporation of solvent
method. (b) Small cubic sub-volumewith a defined edge length. (c) Two-dimensional
slice of the sub-volume. Scale bar: 50 µm. (d) 3D Fourier space of this volume. By
comparing the eigenvalues of the PCA, a degree of anisotropy in each sub-volume can
be defined. (e) 2D slice of the Fourier transform. Sketch of two eigenvectors. Scale bar:
0.1 1

px . (f) Possible shapes of the ellipsoid spanned by the results from the PCA: Sphere,
disc, rod. (g) Angular average of the intensity of the Fourier space. Peaks appear along
the direction of the main component and correspond to main fiber thicknesses in the
real space volume.
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is multiplied with a 3D Kaiser-Bessel windowW (r) in the form

W (r) =
I0(β)

√
1− ( r−l/2

l/2 )2

I0(β)
,

with the zero-order modified Bessel function of the first kind I0(x) =
∑∞

n=0[
x
2
n

n! ]
2

and the distance r to the center of the sub-volume and the tuning parameter β = 8. A
typical outcome of the Fourier transform can be seen in Fig. 2.3d. It is similar to a tri-
axial ellipsoid and yields information about the spatial frequencies in the volume. In
order to quantify the orientation and degree of alignment of this ellipsoid a principal
component analysis (PCA) is applied to the co-variance matrix C

C =

⟨qxx⟩ ⟨qxy⟩ ⟨qxz⟩
⟨qyx⟩ ⟨qyy⟩ ⟨qyz⟩
⟨qzx⟩ ⟨qzy⟩ ⟨qzz⟩

 ,

with
⟨qij⟩ =

∫
I(qx, qy, qz) qiqj dq⃗∫
I(qx, qy, qz)dq⃗

for each sub-volume of the reconstruction. The corresponding eigenvalue problem

C · b⃗i = λi · b⃗i

yields three eigenvectors b⃗i with i ∈ 1, 2, 3, which form a new orthogonal basis. The
eigenvalues λi = σ2

i correspond to the variance along the three principal directions.
All eigenvectors are sorted by the corresponding eigenvalues in descending order. Two
eigenvectors are sketched in the 2D slice of the Fourier transform in Fig. 2.3e.

Fiber orientation. The vector related to the largest eigenvalue describes the direc-
tion with the highest variance in Fourier space, i.e. the direction of greatest structural
changes. In the present case, this direction is orthogonal to the elongated muscle
bundles. Thus, the orientation of the fibers in real space is directed perpendicular
to the pattern orientation. It corresponds to the eigenvector with the lowest eigen-
value. While the orientation is given, the direction (±) remains undefined due to the
point symmetry in reciprocal space. The angles obtained from this analysis in Carte-
sian coordinates are transformed to the coordinate system of the heart as described in
Sec. 2.2.3.

Degree of orientation. The results of the principal component analysis spans a tri-
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axial ellipsoid in the eigenspacewith an orthogonal basis of eigenvectors. The relation
of the eigenvalues gives information about the degree of anisotropyω, defined as [252]

ω =

√
(λ1 − λ2)2 + (λ2 − λ3)2 + (λ3 − λ1)2

2(λ21 + λ22 + λ23)

=

√
1

2

(
3− 1

trace(R2)

)

with R = D
trace(D) and the normalized diagonalized co-variance matrix D from the

analysis. Depending on the relation of the eigenvalues λk the shape of the ellipsoid
can be approximated by a sphere (λ1 ≈ λ2 ≈ λ3), a three-dimensional disk (λ1 ≈
λ2 ≫ λ3) or as a rod (λ1 ≫ λ2 ≈ λ3). A sketch of these shapes is shown in Fig. 2.3f.
If all eigenvalues are the same length and therefore indistinguishable, ω = 0, the el-
lipsoid degenerates to a perfect sphere. For ω = 1, the ellipsoid becomes an infinitely
long rod in the direction of the the largest eigvenvalue.
In order to maximize the anisotropy for a disc shaped ellipsoid which is the most
relevant shape in Fourier space for fiber tracking, we modify the above definition ac-
cording to λi → λ−1

i , defining a ’reciprocal’ anisotropy Ω

Ω =

√√√√ ( 1
λ1

− 1
λ2
)2 + ( 1

λ2
− 1

λ3
)2 + ( 1

λ3
− 1

λ1
)2

2( 1
λ1

2
+ 1

λ2

2
+ 1

λ3

2
)

=

√
1

2

(
3− 1

trace(R′2)

)

with R′ =
1
D

trace( 1
D )
. In this case, the anisotropy is 0 for the sphere shape, 1 for a disc

shaped ellipsoid and 0.5 for an infinitely long rod. Hence, Ω is well suited to describe
the strength of the orientation of the cardiomyocytes in the sub-volume probed.

Fiber distance. In addition, we stress that Fourier-based analysis in sub-volumes
processed in a slidingwindowapproach can gowell beyond simple analysis of anisotropy,
since all structural information is contained in the phase and amplitude data. Fig. 2.3g
illustrates a simple example, showing a characteristic peak in the intensity distribu-
tion I(q) after a radial average. The peak at qmax = 0.071 1

px corresponds to a real
space periodicity of 14 px = 74.2 µm, attributed to distances between adjacent car-
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Fig. 2.4: Results of the structural orientation obtained by the FT- and gradient-based
algorithm. For each approach the anisotropy, the helical angle and the transversal
angle of a slice along the long and short axis of the reconstruction is shown. Both al-
gorithms provide similar results for the orientation of the inner structures of the heart.
The values of the anisotropy, however, are systematically smaller for the Fourier-
based approach. Scale bars: 1 mm.

diomyocyte chains. Note that in order to highlight this signal, the signal was divided
by a background curve computed from a cone-shaped integration along the direction
of the shortest eigenvalue where no peak is observed.

2.3.2 Comparison to a gradient-based algorithm

In the following, we compare the sliding-window Fourier method to the established
gradient-based structure tensor analysis[185, 194]. The local structure-tensor ST is
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constructed from the first derivative of the intensity changes as

ST =


∑
gxx

∑
gxy

∑
gxz∑

gyx
∑
gyy

∑
gyz∑

gzx
∑
gzy

∑
gzz

 ,

with
∑
gij sum of the products of the gradient along i and j within a cube with a

certain edge length l around the central pixel. The analysis based on the gradient of
intensities is similar to the Fourier analysis. The solution of the eigenvalue problem

ST · b⃗i = λi,grad · b⃗i

yields three eigenvectors b⃗i and eigenvalues λi,grad which also delivers information of
structural orientation within the sub-volume. The structures within the sub-volumes
are oriented towards the direction with the lowest changes in intensity. Thus, their
orientation is also described by the eigenvector with the smallest eigenvalue. Fur-
thermore, the reciprocal anisotropy of the ST is a measure for the alignment of the
filaments within the volume as well.
The analysis of the structural orientation within the tissue was performed using the
two different algorithms explained above. The results for the anisotropy, helical an-
gle and transversal angle are displayed in Fig. 2.4. Both algorithms show similar re-
sults. The values of the anisotropy, however, are systematically smaller for the Fourier-
based approach, since the weight of Fourier components by (scattering) intensity is
higher for small spatial frequencies. In fact, it is an advantage of the Fourier-based
analysis, that thewindowof q-valueswhich are exploited for anisotropy analysis could
be tuned by different weighting (or window) functions. A further concern is to match
the real space resolution or probing volumes of the two approaches. For the gradient-
based approach, the gradient values are averaged over a cube of side length lgrad. We
match the real space volume of the Fourier space approach, taking into account the
Kaiser-Bessel windowW (r), which is required to prevent aliasing effects, as

l3grad = l3FT

∫
drW (r).

In this work, a side length of lgrad = 20 px leading to lFT = 48 px was chosen. The
respective volumes were shifted by 10 px per analysis point. The application of the 3D
Kaiser-bessel window leads to a smoothing of the edges and thus to small differences
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of the local information compared to the gradient based approach. However, the ex-
tracted orientation from both algorithm is very similar. The results of a centered slice
in the lateral and axial plane are shown in Fig. 2.4. Note that the gradient-based ap-
proach is computationally much faster since it is missing the calculation of the fiber
distance.
The FT-based analysis on the other hand retain the spatial information of the struc-
ture in the sub-volume. They are encoded in Fourier space and can be used to obtain
information of the orientation of all the structures within the volume as well as struc-
tural information within the sub-volume such as a dominant inter fiber distance as
described in section 2.3.1. In the following the results of such an analysis are pre-
sented.

2.3.3 Organization of the three-dimensional heart muscle
structure by Fourier analysis

The reconstruction of the three-dimensional mouse heart structure obtained at the
laboratory liquidmetal setup, as shown in Fig. 2.5, was analyzedwith the two different
fiber tracking algorithms described before. The analysis of the heart was performed
as sketched in Fig. 2.3 and the final results of the complete analysis including the 3D
vector field of alignment, degree of orientation, helical and radial angle, as well as the
fiber thickness are shown in Fig. 2.6. The 3D representations are created by Paraview
(Kitware, Inc.). The anisotropy i.e. degree of orientation is color-coded in the 3D vi-
sualization of the vector field in Fig. 2.6a. For an improved display, the vector field is
cut in the same way as the reconstructed electron density in Fig. 2.3a. Based on the di-
rection of the structures and its anisotropy, a stream-tracing algorithm implemented
in Paraview was performed. It results in a complex mesh of traces which is shown in
Fig. 2.6b. The traces are winding around the ventricle in a helical manner but there
are also paths crossing with a high helical angle. In order to give a more ordered im-
pression of the structure, two orthogonal slices of the heart are shown in Fig. 2.6c and
Fig. 2.6d. On the left, the reconstructed electron density of the 2D slices is shown. The
structure of the muscle tissue can clearly be derived from the background. Further-
more the surrounding polyimide tube, with a higher electron density can be identified.
Themiddle left shows the radial angle obtained from the analysis. It indicates that the
cardiomyocytes are arranged in a loop surrounding the ventricle. In the middle at the
right, the slices are color coded by the the helical angle. The value of the helical angle
decreases from epicardium to endocardium. It is approximately 20◦ and decreases to
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Fig. 2.5: The volume rendering of the reconstruction of the electron density. Still
image from Video 1 (Video 1, MPEG, 10 MB). For the video and the data files of
the tomographic reconstruction and calculated vector filed of the Fourier analysis see
https://doi.org/10.5281/zenodo.3403379.

almost -90◦ near the left ventricle. Thus, there is a borderline in the middle of the
myocardium around the left ventricle where the helical angle is close to zero. Conse-
quently, the structures are oriented in the radial plane. The combination of radial and
helical orientation indicates an arrangement of cardiomyocytes in a closed loop in the
radial plane. This supports the old concept of the Triebwerkzeug by Krehl[253, 254],
according to which a strong muscle ring is surrounding the left ventricle to assist the
contraction of the heart. In addition, the thickness of the structures was determined
by the procedure explained above, see the color-coded in slices displayed on the right.
It indicates a smaller inter-fiber distance in the apex of the heart and in the wall of the
right ventricle. Note that the reconstructed distance highly depends on the prepara-
tion and dehydration of the tissue. Nevertheless, the thickness of the polyimide tube
with a wall thickness of 75 µm can be exactly reconstructed by the algorithm.
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Fig. 2.6: Results of the FT-based algorithm. (a) Virtual cut of the three dimensional
vector field from the FT analysis color-coded with the anisotropy. (b) Streamlines
calculated from the vector field (c) lateral and (d) transversal slice of the reconstructed
electron density, radial angle, helical angle and calculated fiber distance.
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2.4 Outlook

In the present work we have imaged whole mice hearts by propagation-based phase
contrast using a laboratory µCT. The contrast of the reconstruction was found to be
highly dependent on the preparation of the tissue. Metal-based stains enhance the
contrast, but the specificity of the binding to the muscle tissue depends on the stain-
ing agent. In the present work, PTA provided amore homogeneous and specific stain-
ing result than the iodine stain. Importantly, we have also shown that preparation
without any staining agent, notably embedding in paraffin, ethanol and especially the
EOS method, resulted in satisfactory tomographic reconstruction of the heart mus-
cle network. Based on these reconstructions, the orientation of muscle bundles was
analyzed by two different algorithms. The gradient-based approach enables the pos-
sibility to determine the orientation of the muscle fibers in a small volume. Its func-
tionality and certainty was already proven by comparisons to diffusion tensor MRI
and histology[193, 194, 239]. By extending the analysis of the algorithm by the degree
of orientation, i.e. the anisotropy Ω, a further important structural parameter was
included.

The Fourier-based approach implemented in this work, which also operates on small
sub-volumes of the tomographic reconstruction, delivers a similar output for the ori-
entation of the structures. The Fourier transform of the sub-volume is a representa-
tion of the entire structural information contained in real space. It allows to extract
a number of parameters beyond the anisotropy based on PCA. For instance, peaks in
the 3D Fourier intensity pattern, correspond to periodicities in the electron density,
and can be used to deduce distances between myocyte chains. These peaks appear in
the angular average of the background corrected Fourier pattern. Besides the iden-
tification of peaks in Fourier space this type of analysis enables further possibilities
to extract information from the data. For instance the variance of the distribution of
fiber thicknesses can be extracted. It is also possible to look for specific distances and
analyze the direction of multiple features by applying different q masks and perform
multiple PCA. For example it would be possible to analyze the sarcomere period as
well as the thickness of the cardiomyocytes for high resolution scans. Furthermore,
it is possible to find multiple maxima in Fourier space and identify the orientation of
multiple fibers in the sub-volume, not only the average orientation for all structures
within the volume.

Finally, it should be noted that the reconstruction with laboratory radiation at the
present voxel size only allow for the extraction of the muscle fiber orientation in a
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rather indirect way, since the different structural hierarchies are coupled. Small in-
terfaces between aggregated units and or connective tissue, and in particular small
tissue walls opening up during the preparation can serve as ’reporters’ of the underly-
ing structural levels. Only by SR, it will be possible to bridge whole heart imaging, for
example based on stitch tomography with the true capability to image individual my-
ocyte chains. Further extension of this work, will include application of the Fourier
space algorithm to high resolution SR, including the most suitable preparations in ex-
cess buffer, which avoids structural alteration by drying.The possibility to image the
heart in buffer solution also opens the opportunity to analyze a beating heart using a
Langendorff perfusion system[45]. Future high resolution 3D imaging will be a fun-
damental requirement for the understanding of the contractile function. Building up
on high resolution data, local information about the structural parameters of heart
tissue could be used to improve the understanding of heart function. For instance,
results from the analysis could be used to model the electro-mechanical properties
of the heart. Since the propagation speed of the neuronal signal is faster in the di-
rection of fiber orientation, results from the presented analysis can improve existing
computational models of the heart[45]. By comparing the structure of healthy tissue
to pathologies, such as in cardiac fibrosis for example, structural controls can be de-
veloped also for novel different diagnostic and treatment strategies.

ONLINE SUPPLEMENTAL INFORMATION

A video showing the 3D reconstruction of heart

For a video (.mp4) and the data files of the tomographic reconstruction and calculated
vector filed of the Fourier analysis see https://doi.org/10.5281/zenodo.3403379.
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Abstract

The spatial organization of cardiac muscle tissue exhibits a complex structure onmul-
tiple length scales, from the sarcomeric unit to the whole organ. Here we demonstrate
a multi-scale three-dimensional imaging (3d) approach with three levels of magnifi-
cation, based on synchrotron x-ray phase contrast tomography. Whole mouse hearts
are scanned in an undulator beam, which is first focused and then broadened by di-
vergence. Regions-of-interest of the hearts are scanned in parallel beam as well as a
biopsy by magnified cone beam geometry using a x-ray waveguide optic. Data is an-
alyzed in terms of orientation, anisotropy and the sarcomeric periodicity via a local
Fourier transformation.

3.1 Introduction

The contractile function of the heart relies on an intricate structure spanningmultiple
length scales: starting with the molecular scales of the myosin motors and the acto-
myosin assembly, the formation of the sarcomeric units andmyofibrils, to the cellular
scale of single cardiomyocytes, arrangement of myocyte chains embedded in connec-
tive tissue, all the way to the aggregation of cardiomyocyte chains forming a complex
cardiac mesh and finally the scale of the entire organ [13]. While the macroscopic
architecture of heart muscle is known for more than hundred years from classical
anatomy and histology, the detailed three-dimensional (3d) arrangement of muscle

https://doi.org/10.1364/BOE.386576
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cells and myofibrils cannot be reconstructed from histology alone, due to the invasive
nature of sectioning [66]. Different models for the description of cardiac architecture
are therefore still under intensive debate [20, 22]. With recent advances in medical
imaging techniques,most notablymagnetic resonance imaging (MRI) andultrasound,
the 3d structure of the heart can now even be imaged dynamically, however, not at a
resolution to resolve the complete network down to the level of a single muscle cell
[91, 255].

With the advent of phase-contrast micro-CT and improvements in data acquisition
and reconstruction, it has now become possible to characterize the entire heart with
voxel sizes in the range of a few micrometers using synchrotron radiation [181, 187,
190, 193, 194, 239], or even laboratory x-ray sources [256]. These results indicate that
the heart is a complex 3dmesh of aggregated cardiomyocyteswith a supportingfibrous
matrix [13, 22]. In contrast to conventional x-ray imaging which is based on absorp-
tion and shows little contrast for heart tissue in the absence of heavy metal staining
[179, 237, 238], phase contrast tomography exploits the intrinsic density variations
within the tissue. These small spatial variations of electron density ρe determine the
real-valued decrement δ of the x-ray refractive indexn = 1−δ+iβ , which is from 1 up
to 3 orders of magnitude larger (depending on tissue composition and wavelength λ)
than its imaginary part β which accounts for absorption. Phase-contrast x-ray imag-
ing can hence visualize even small features down to cellular and sub-cellular scale
for heart tissue biopsies [195]. At the same time, molecular structures of acto-myosin
networks can be probed in thin heart sections by scanning diffractionwithmicro- and
nano-focused beams [226, 227], also in combination with coherent imaging and cor-
relative super-resolution microscopy [233, 234]. However, the acquisition time and
dose of scanning diffraction would be prohibitive for 3d imaging of the whole heart,
making it preferable to use full-field illumination and phase contrast CT to study the
arrangement of cardiomyocytes within the heart.
While the orientation, degree of filament alignment and thickness of individual mus-
cle bundles in the whole organ can be roughly estimated by sub-volume based algo-
rithms also for laboratory CT data, the contrast and resolution are insufficient tomake
accurate statements about single myofibrils[185, 194, 256].

In this work, we present a multi-scale approach to phase contrast CT of heart tissue,
combining whole heart overview scans of voxel size vx = 3.25 µm with region-of-
interest (ROI) scans acquired at voxel size vx = 650 nm, and even vx = 168 nm
by means of cone beam magnification. In a proof-of-concept experiment involving
three levels ofmagnificationwe probe unstained fixed hearts of wild typemouse, com-



3.2 Experimental approach 71

paring paraffin and ethanol embedding. To preserve image sharpness and to obtain
quantitative density reconstructions, we use iterative phase phase retrieval algorithms
[145, 257], which do not follow the conventional linearization schemes. These algo-
rithms either work at large Fresnel number F and linearize the contrast in terms of
the defocus distance [141, 246] or use linearization of the optical properties of the
sample [148]. We then use reconstructed 3d data to characterize the structural orien-
tation and degree of alignment of the heart tissue by an algorithm based on the local
structure tensor ST [185, 256]. In order to extract the sarcomeric periodicity from the
high-resolution data, a local Fourier-analysis of the electron density was used[256].

We implement this approach by an illumination scheme based on three different con-
figurations of the Göttingen Instrument for Nano-Imaging with X-Rays (GINIX). The
different configurations allow to image field of views (FOVs) with a range from sev-
eral mm to a few hundred micrometer and are characterized by the profile of their
wave front. For overview scans of the heart with high photon flux, we introduce a
configuration based on the illumination of a pair of Kirkpatrick-Baez mirrors (KB).
This setup enables to capture a FOV of about 7×7 mm2 with an effective pixel size
of 3.25 µm. Higher resolution was achieved by illumination of the sample using the
natural divergence θ of the undulator in a parallel beam (PB) geometry. With this con-
figuration for ROIs with a size of about 1.6×1.4 mm2 were probed with high photon
flux and an effective pixel size of 650 nm. In order to resolve the sarcomeric structure
of the heart tissue, the cone beam geometry of a waveguide (WG) illumination was
used. This configuration, with a scalable geometric magnificationM , enables high-
resolution scans of a biopsy punch with an FOV of few hundred µm2 and an effective
pixel size of less than 200 nm.

3.2 Experimental approach

The goal of this work is to study the structure of murine heart tissue on multiple
length scales from the level of the whole organ down to the (sub-cellular) sarcom-
eric level. This requires a very particular experimental approach involving different
optical schemes for the illumination with synchrotron radiation, as detailed below.
The corresponding sample preparation and the experimental setup are sketched in
Fig. 3.1. While the whole heart scan with FOV = 7 × 7 mm2/vx = 3.25 µm as
well as the ROI scan with FOV = 1× 1 mm2/vx = 0.65 µm were acquired on an
entire unsliced paraffin-embedded mouse heart, the high-resolution data set with



72 Multi-scale X-ray phase-contrast tomography of murine heart tissue

xy

z
slits KB-mirrors x01 x12

detectorsample

waveguide

slits KB-mirrors x01 x12

detectorsample

pinhole

PB
x12

detectorsample

a

c

d

e

b

r

ν

z
lo

ng
ax

is

radial axistubing
fixation &

dehydration

paraffin embedding

paraffin
removal

biopsy
punchingtubing φ

radial angle

helical angle

KB

WG

slits

Fig. 3.1: (a) Schematic visualization of the sample preparation. Explanted hearts
were fixed in 4% formaldehyde solution, and dehydrated in an increasing series of
ethanol. One heart was stored in ethanol and the second organ was embedded in
paraffin. Excess paraffin was removed with a scalpel. For high-resolution measure-
ments, a biopsywas taken and placed in a polyimide tube. (b) Sketch of the coordinate
cylindrical system for the description of the structural characterization. The long axis
z is positioned in the center of the left ventricle and structural orientation can be pa-
rameterized by the radial plane defined by r and φ and the helical angle ν. (c) Exper-
imental setup with KB illumination for overview scans with an FOV of several mm2.
The beam is focused by a pair of KBmirrors and cleaned by a pinhole with a diameter
of 3 µm. The sample tower is placed at distance x01. Projections are taken at distance
x12 behind the sample. (d) Experimental setup with parallel beam illumination for
ROI scanwith an FOV of about 1mm2. Projections are takenwith amicroscope detec-
tion system at distance x12. (e) Experimental setup with waveguide illumination for
high resolution scans of tissue biopsies with an FOV of a few hundred µm. Due to the
cone beam geometry, the magnification can be scaled by the source-sample distance
x01. Projections are taken at distance x12 behind the sample.
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FOV= 0.3×0.3mm2/vx = 167.5nmwas recorded froma 1mmbiopsy obtained from
the paraffin block after the first two scans. For comparison, an ethanol-embedded
heart was also scanned at large FOV and intermediate FOV.

Sample preparation: Freshly explanted hearts from twomale 16 weeks old wildtype
C57BL/6 mice were fixed in 4% formaldehyde solution for 24 hours. The fixed hearts
were then dehydrated in an increasing series of ethanol. In order to determine struc-
tural differences depending on sample preparation, the first organ was stored in 100%
ethanol solution and the second organ was washed in 100% xylene solution and em-
bedded in paraffin. To decrease x-ray absorption, excess paraffin was removed with
a scalpel. For high-resolution measurements, a biopsy with a diameter of 1 mm was
taken and mounted in a polyimide tube. The structural orientation was analyzed and
described in the coordinate system shown in Fig. 3.1b.

Synchrotron instrument: Data were acquired at theGöttingen Instrument for Nano-
Imaging with X-Rays (GINIX) at the P10 beamline of the PETRA III storage ring at
DESY (Hamburg, Germany). The endstation is dedicated to coherent nano-diffraction
with focused undulator radiation, and in particular high-resolution holographic imag-
ing usingKB-waveguide compound optics [196, 258]. As a full-field technique it is ide-
ally suited for tomography of extended samples such as biological tissue [164]. The
5 m long undulator (U29) creates an x-ray source of about 85 µm × 14 µm (FWHM,
horizontal × vertical) with a divergence θ of 28 µrad ×3.7µrad (1σ, h × v). For the
scans at large and intermediate FOV, a photon energy ofE = 13.8 keV was chosen by
a double crystal Si(111) monochromator. For the high-resolution scan on the heart
biopsy, the energy was changed to E = 8 keV to increase interactions between wave-
front and sample. The GINIX endstation is located about 87m behind the source. For
x-ray tomography this endstation can be operated in three different geometries which
enable different resolutions and amulti-scale analysis, covering samples sizes with an
FOV ranging from several mm2 down to a few µm2. The different configurations are
characterized by their illumination optics and wavefront:

1. Kirkpatrick-Baez mirror (KB) illumination: Configuration for overview scans
with high photon flux and an effective pixel size of 3.25 µm and FOV of about
8×7 mm2.

2. Parallel beam (PB) illumination: Configuration for the region of interest (ROI)
scans with high photon flux enabling an effective pixel size of 650 nm and an
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FOV of about 1.6×1.4 mm2.

3. Waveguide (WG) illumination: Setup with a scalable geometric magnification
M for high-resolution scanswith an FOVof a few hundredµm2 and an effective
pixel size of less than 200 nm.

A sketch of the different geometries is shown in Fig. 3.1b-d. The three experimental
setups, the acquisition and the handling of the data is described in more detail below.

illumination KB PB WG
photon energy (keV) 13.8 13.8 8

source-sample-dist. x01 (m) 5.06 88 0.12
sample-detector-dist. x12 (m) 0.34 0.22 4.98
effective pixel size (µm) 3.25 0.65 0.1675
field-of-view (mm2) 8 × 7 1.6 × 1.4 0.42 × 0.36
acquisition time (s) 1 0.035 1
number of projections 2001 1500 1500

number of flats 200 150 50

Table 3.1: Data acquisition parameters for the three different geometries: (KB) broad-
ened beam after focusing by KB-mirrors for whole organ, (PB) Parallel beam, (WG)
waveguide setup for holo-tomography at high geometric magnification.

3.2.1 KB illumination

Since the natural divergence of the undulator beam is too small in order to reach a suf-
ficiently large beam size to cover entire mouse heart even at 87m, the beam is focused
by a pair of KB mirrors. The KB focus then serves as a secondary source with a much
higher divergence and hence a beam size which is easily adjusted by the defocus posi-
tion. Since the KB reflectivity is about 95% , this scheme almost preserves the full flux
impinging onto the mirrors with 400 µm active area (entrance pupil). In this work,
the spot size in the KB focus was about ω ≃ 400 nm × 440 nm (FWHM, h × v), as
measured by waveguide scans through the focus. The size of the illumination area is
then simply given by divergence θ of the KB beam, which is about 2.0mrad× 1.3mrad
and the defocus distance x01 = 5.1 m yielding FOV ≃ x01 · θ = 10.2 mm × 6.6 mm
(h× v). The height deviation from the ideal elliptic profile and residual roughness of
the KBmirror surface result in a pronounced pattern of vertical and horizontal stripes
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in the illumination wavefront, which impedes the empty beam correction [146, 259–
261]. In order to smoothen the wavefront and to remove these high-spatial frequency
contributions, a pinhole with a diameter of 3 µm (tungsten, thickness 300 µm) was
placed in the KB-focus. The pinhole acts as a spacial filter in reciprocal space and
smooths the intensity variations in the detector plane.
The sample was mounted on a sample stage (SmarAct GmbH) at distance x12 = 34

cm upstream from the detector plane. For the alignment of the sample respective to
the axis of rotation, two compact linear piezo positioners are used on top of the ro-
tation stage. The rotation axis was aligned with respect to the illumination using an
xyz-translation below the rotation. Furthermore, the whole stage wasmounted on an
aluminum plate which could be manually tilted by four adjustable screws to align the
tomographic nick angle. Projectionswere recorded using an imaging system (Optique
Peter) equipped with a 50 µm LuAG scintillator and an objective revolver (2x, 4x or
10x) coupled to a sCMOS camera (PCO edge 5.5, 2560 × 2160 pixels) with a physical
pixel size px = 6.5 µm. The detector stage is also described in Fig. 3.2.
The geometry of theKB-illumination has a low geometricmagnificationM = x02

x01
≈ 1

with x02 = x01 + x12, but enables a relatively large FOV. Using the 2x objective re-
sulting in an effective pixel size of 3.25 µm, projections of a whole mouse heart can
be acquired in a single scan. For tomographic reconstruction, 2001 projections over
180 degrees with an acquisition time of 1 s were recorded. Additionally, 100 empty
projections were acquired before and after each tomographic scan. All acquisition pa-
rameters are given in Tab. 3.1.
The spatial filtering of the illumination wavefront by the pinhole facilitates empty
beam division without strong artifacts. Only some impurities of the scintillator oc-
casionally led to overexposed and saturated pixels, which were removed by a median
filter. However, small variations in the empty-beam divided near-field pattern remain
since the illumination shifts slightly between the time of recording of the image and
empty beam, respectively. To account for this, a suitable empty beam was generated
for each projection by a linear combination of empty beam basis functions, gener-
ated by principal component analysis (PCA) from the pre- or post-recorded stream of
empty beam patterns. The processing of the projections acquired at the KB configura-
tion is also shown in Fig. 3.3
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Fig. 3.2: (a) Image of the detector and sample stage positioned about 5 m behind the
focus of the KB-mirrors. b) Technical drawing of the tomography stage used for KB-
illumination. The sample stage (yellow) including two compact linear piezo position-
ers for alignment of the axis of rotation, one rotation and a linear triaxial translation
system for sample positioning, is placed on a kinematic mount of an aluminum plate
which can manually be tilted by four adjusting screws in order to align the nick an-
gle. The imaging system (Optique Peter with a PCO edge camera, black) was placed
at distance x12 behind the sample.
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Fig. 3.3: Processing of the data acquired with KB illumination. (a) The plane KB il-
lumination profile with yields frequency artifacts emerging from the nanostructures
of the mirrors. (b) By positioning a pinhole with a diameter of 3 µm in the focus of
the beam, the profile of the illumination is smoothed. (c) An exemplary projection
of murine heart embedded in paraffin. (d) The conventional empty beam corrected
projection yield artifacts from small variations in the illumination profile. (e) By cre-
ating an artificial flat field using a principal component analysis approach these vari-
ations can be reduced. (f) The phase reconstruction was performed by the nonlinear-
Tikhonov CTF approach.



3.2 Experimental approach 77

3.2.2 Parallel beam illumination

For ROI scans with higher resolution, the second configuration sketched in Fig. 3.1
was used. The sample tower is roughly in the same location as for the high resolu-
tion KB-waveguide configuration (configuration # 3, see below), but the KB is moved
out by a few millimeters to use the primary beam without focusing. With slits fully
opened, the beamsize (FWHM)as defined by the divergence is about 5.8mm× 0.77mm
(h × v) at the position of the endstation about 88 m behind the undulator source. In
the vertical directions, all beamline slits are opened to exploit the natural beam size
of the undulator beam at the position of the endstation; the horizontal slits were ad-
justed to fill the detector. The sample was placed on a completely motorized tomo-
graphy stage with an air bearing rotation stage (UPR-160 Air, Micos, Germany). Due
to the accuracy and reproducibility of the rotation, it is possible to acquire projections
in a continuous scan, i.e. projections with a short acquisition time are taken while the
sample is rotated continuously. For the data shown here, projections were recorded
with the microscope camera system described above with a 10x objective at distance
x12 = 22 cm behind the sample. In this work, we focused especially on the area near
the apex of the heart. Over 180 degrees 1500 projections with an acquisition time of
0.035 s were acquired. In continuous scan mode, the acquisition time for one tomo-
gram was 75 s. Before each tomography scan, empty projections were taken.
Due to the high stability of the illumination, it was not necessary to correct the flat
field by a PCA approach. The flat field was computed by a median of all recorded
empty projections. The processing of the projections acquired within parallel beam
geometry is illustrated in the top row of Fig. 3.4.

3.2.3 Waveguide illumination

For imaging of the cardiac tissue with sub-cellular resolution, a biopsy of the heart
tissue near the apex was taken from the previously scanned heart and investigated
by holographic tomography using the cone beam geometry withWG illumination, i.e.
configuration # 3 (see Fig. 3.1e). In this geometry, a waveguide is positioned in the
focus of the KBmirrors. X-rays are coupled into the waveguide channel which acts as
a spatial and coherence filter, similar to the pinhole of the KB setup but with a lateral
confinement of≤ 100 nm. Therefore, no artifacts from preceding optical components
are visible and the empty beam intensity profile is smooth and Gaussian shaped. The
small secondary source size at the exit of the waveguide and the high coherence of
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Fig. 3.4: (a) Illumination profile of the parallel beam. The colorbar of the intensity
is scaled from 10 000 to 30 000 counts. (b) Exemplary flat field corrected projection
of a ROI at the apex of the paraffin-embedded heart. Relative intensity: 0.4-0.75. (c)
Phase reconstruction of the projection using the nonlinear-Tikhonov CTF. (d) Profile
of the waveguide illumination. The colorbar of the intensity is given in logarithmic
scale and set to 2 - 4.5. (e) Exemplary projection with a relative intensity of 0.2 - 0.9.
(f) CTF reconstruction of the projection.

the WG illumination enables high geometric magnificationM = x02

x01
which can be

scaled by changing the source sample distance x01. Projections were recorded with
a sCMOS Camera (2560 × 2160 pixel) with 15 µm Gadox scintillator and a physical
pixel size of 6.5 µm (Andor). The biopsy was scanned with an effective pixel size of
167.5 nm, 1500 projections over 180 degrees, and acquisition time of 1 s.
The flat field was created by the PCA analysis explained above. Additionally, the low
frequency intensity variations of the background were corrected by Gaussian filtering.
The processing of the projections acquired with in WG geometry is also illustrated in
the lower part of Fig. 3.4.

3.2.4 Phase retrieval and tomographic reconstruction

For all projections, recorded at the three different configurations of the endstation,
phase retrieval was performed after the empty beam correction. To this end, we first
inspected data by linearized phase retrieval according to the contrast transfer func-
tion (CTF) algorithm. To this, the approximation of a homogeneous object was used,



3.2 Experimental approach 79

illumination KB PB WG
Fresnel number 0.3240 0.0216 0.0015

δ/β ratio 1/35 1/35 1/80
α1 10−5 10−5 3 ·10−3

α2 0.1 0.05 0.2
maximal phase shift 0 0 0

maximal number of iterations 100 100 100

Table 3.2: Parameters of the phase retrieval using the nonlinear-Tikhonov approach
of the CTF.

specifying the phase distribution in the object plane ϕ(r⊥) by

ϕ(r⊥) = F−1

[
(sin(χ) + β

δ cos(χ)) · F
[
I(exp)(r⊥)− 1

]
2(sin(χ) + β

δ cos(χ))2 + α(k⊥)

]
,

with natural units χ =
λxk2

x

4π for the (squared) spatial frequencies, measured inten-
sities in the detector plane I(exp)(r⊥), β

δ ratio of imaginary and real part of the re-
fractive index n, and a frequency-dependent regularization parameter α(k⊥). The re-
sults of the CTF then served as an initial guess for subsequent iterative phase retrieval
based on a nonlinear Tikhonov approach, which does not require the assumption of a
weakly varying phase. Further, additional object constraints such as range constraints
for the phase shift can be included[149]. The method can be regarded as a nonlinear
generalization of CTF phase retrieval, and for a weakly phase-shifting sample (linear
approximation) without further constraints, both approaches yield exactly the same
result. The minimization of the Tikhonov-functional is implemented by a gradient-
descent method with adaptive step sizes[149].

The parameters of the phase retrieval were selected manually, optimizing contrast for
tissue and paraffin. They are shown in Tab.3.2. If anomalous refraction effects can
be neglected (far from absorption edges), the phase shift in the sample exit plane is
directly proportional to the projected electron density

∫
ρe(r)dx. Hence, if the phase

shift is with respect to the beam passing at the side of the object in air, the projected
electron density can be obtained. For ROI tomography, the density values correspond
to excess electron density with respect to the (average) medium defined by the object,
i.e. it can be both positive and negative. Further complications arise from the fact
that phase retrieval of inline holography is often hampered at small spatial frequen-
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cies. The retrieved electron density must therefore be interpreted with caution and
should in most cases be regarded as an effective excess density. Nevertheless, it is
instructive to express the obtained values in terms of electrons per unit volume. Af-
ter reconstruction by the inverse Randon transform, we therefore compute the local
electron density from the phase shift induced by each voxel length vx as

ρe(r) =
φvx(r)
vxλ · r0

,

with wavelength λ and r0 classical electron radius. For the tomographic reconstruc-
tion of the volumes the Astra toolbox with filtered back projection was used[248, 262].
Additionally, ring removal (wavelet and additive ring removal) was performed follow-
ing [149, 249].

3.3 3d heart structure on different length scales

Figure 3.5 shows the tomographic reconstruction of the whole heart scans acquired
with the KB illumination. In the top row, the reconstructed volume of the paraffin-
embedded heart is depicted, and in the bottom row the reconstruction of the heart
stored in ethanol. For both preparations, a transverse, a sagital slice and a rendering
of the reconstructed volume are displayed. In terms of data quality (i.e. quality of
phase retrieval and tomographic reconstruction), the paraffin-embedded sample ex-
hibits less low frequency artifacts, which appear especially in the sagital slice Fig. 3.5e
of the reconstruction of the heart in ethanol solution. This can be attributed to the bet-
ter performance of the PCA analysis for the empty field correction. There were fewer
variations in the illumination during the recording of the solid embedded heart, and
also slight movements of the liquid embedded sample may have occurred. Note that
motion artifacts are to be expected if the heart is not mounted tightly inside the tube,
or if bubbles form due to the energy transfer from the radiation[263]. Furthermore,
the fact that the x-ray absorption of the ethanol is higher and causes a higher differ-
ence between the empty illumination profile and the respective projection may have
had an influence. However, whole heart phase contrast tomography in this config-
uration is possible for paraffin and liquid embedded hearts, showing a way to scan
large tissues exceeding the natural beamwidth with brilliant undulator radiation and
at small acquisition time.
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Fig. 3.5: Three-dimensional structure of themurine hearts acquired with the KB illu-
mination. The top row: tomographic reconstruction of the paraffin-embedded heart,
bottom row: tomographic reconstruction of the heart in 100% ethanol solution. From
left to right a transverse and a sagital slice of the reconstructed volume and a volume
rendering of the samples is shown for both sample preparations. The reconstruction
of the paraffin-embedded sample yields fewer artifacts, due to a more stable flat field
correction. However, the cardiac structure of the heart in 100% ethanol solution is
better conserved. Scale bar: 1 mm.

With this configuration the influence of sample preparation on the integrity of the
specimenwas analyzed. The overall structure of the heart tissue can bewell identified
for both preparations, however, with differences characteristic for sample preparation.
By comparing the tomographic results of both reconstructions shown in Fig. 3.5, there
is no noteworthy difference in the size of the hearts. However, differences in data
quality and in preservation of the cardiac structures were observed. The signal-to-
noise (SNR) was determined for the given slices of both preparations by

SNR =
Atissue − Amedium

σmedium

with A the difference of the mean intensities of tissue and surrounding medium in
a ROI of 100×100 px and the standard derivation of the intensities in the medium
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σmedium. For paraffin embedding a SNR of 8.3 and for storage in 100% ethanol so-
lution a SNR of 4.2 was determined. The tissue is significantly more homogeneous
for the case of liquid embedding, while paraffin embedding results in pronounced fis-
sures and ruptures between single muscle bundles. The fact that the integrity of the
cardiac tissue is better preserved by the ethanol fixation could be explained based on
changes associated with washing in xylene and subsequent exposure of the tissue to
heat during the transfer to the liquid paraffin. This standard procedure can result in a
removal of lipids and fatty acids which might contribute to increased spacing within
themyofibrils. Furthermore, the small air bubbles in the ventricle, which can be iden-
tified as the dark region in the left ventricle (LV) in the volume rendering in Fig. 3.5c,
cause scattering and lead to artifacts in the phase reconstruction near the bubble. At
the same time, tissue in paraffin offers higher contrast for single muscle bundles and
allow a better identification of the myocyte orientation. The ethanol-embedded heart
with almost no visible ruptures in the myocardium and a larger amount of erythro-
cytes in the ventricles is more challenging in view of the CT measurement, but car-
diac structures are still clearly revealed, in line with literature results at 20 keV [181].
Altogether, this geometry was well suited to acquire a fast overview scan of the whole
heart with a resolution below 10 µm.

To resolve smaller tissue structures, the hearts were scanned with the configuration
using PB illumination. For these measurements no further preparation of the sam-
ple was necessary. The ROIs were identified based on the overview scans. For the
paraffin-embedded sample, a biopsy near the apex was taken and analyzed using the
WG configuration with cone beam geometry.

Figure 3.6 shows the results of the tomographic reconstructions for the paraffin-embedded
heart, based on the three differentmodalities of the beamline setup. In Fig. 3.6a, a slice
near the apex of the heart from the overview scan is shown. Besides the myocardium
and some ruptures along the bundles of myocytes, the single cell layers of endo- and
epicardium as well as some blood residues and a tendon within the left ventricle were
identified. The red box indicates the area in which a ROI scan was recorded with PB
illumination. The corresponding slice is shown in Fig. 3.6b. In this scan, more details
of the tissue structure were resolved. For instance, single vessels and also the single
cell layer of endothelial cells in the endocardium are visible. Sub-cellular structures
of the cardiomyocytes, such as the nuclei, starts to appear in the reconstruction. The
typical elongated shape of the nuclei is also clearly visible as black dots within the my-
ocardium. Moreover, the orientation of the cardiomyocyte chains becomes visible.
Figure 3.6c shows high resolution data acquired with the WG configuration. This
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Fig. 3.6: Reconstruction of the cardiac structure of a paraffin embedded heart on
multiple length scales. (a) Slice of the tomographic reconstruction acquired by KB-
illumination with an effective pixelsize of 3.25 µm. The coarse interior structure can
be identified, but smaller details such as capillaries and sub-cellular features are below
the resolution of the setup. The red box marks a ROI of a scan with the PB illumina-
tion which is shown in (b). Erythrocytes and a layer of cells of the endothelium can
be identified at this magnification. (c) In order to image sub-cellular features such
as myofibrils, a biopsy of the heart was scanned at high resolution with the WG op-
tic. In this geometry, details such as vessels filled with erythrocytes, endothelial cells
surrounding the vessels, and nuclei in between myofibrils become visible.
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geometry allows identification of sub-cellular structures such as nuclei, erythrocytes
and myofibrils. In the given slice, also a blood vessel with a layer of endothelial cells
is visible.
Based on the tomographic reconstructions, the orientation of the cardiomyocyteswithin
the heart tissue was analyzed. The procedure and the results of the analysis of the
structural organization will be described in the next section.

3.4 Orientation of the cardiac structures

The structural orientation of the cardiomyocytes can be extracted from the recon-
structed volumes using an approachwhich is based on gradient-based structure tensor
ST [2, 185, 194, 256]. A detailed description of the analysis is given in [2]. A small sub-
volume with edge length l is chosen around the central pixel of the sub-volume. ST
is defined by the first derivatives of the reconstructed (electron) density

ST =


∑
gxx

∑
gxy

∑
gxz∑

gyx
∑
gyy

∑
gyz∑

gzx
∑
gzy

∑
gzz

 ,

with
∑
gij the sum of the products of the gradient along i and j. From the eigenvalue

problem
ST · bi = λi · bi

three eigenvectors bi and eigenvalues λi can be determined, representing the struc-
tural orientationwithin the chosen sub-volume,which is subsequently shifted through-
out the entire volume. The direction is defined by the eigenvector with the smallest
eigenvalue. The coordinate system used to describe the orientation of the entire struc-
tures is given in Fig. 3.1b.

In addition, the tissue anisotropy, i.e. local degree of orientation, is quantified in terms
of an order parameter Ω defined as
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with R′ = D−1

trace(D−1) andD the normalized diagonalized ST of the local sub-volume.
Without preferable direction we get Ω = 0, while Ω = 1 is the limit of perfect struc-
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tural alignment. Ω describes the degree of orientation and varies within the tissue. By
sliding a sub-volume though the whole reconstructed volume, the local orientation
and degree of alignment of the entire heart can be determined. In order to save com-
putational power, the orientation parameters can be calculated for areas containing
cardiac structures, while voxels containing air or paraffin are masked out, based on
their gray value. Only areas containing tissue are shown.
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Fig. 3.7: Orientation of the cardiac tissue for the paraffin-embedded heart. (a) Trans-
verse and (b) sagital slice through the reconstructed volume, showing (from left to
right) reconstructed density (proportional to phase) in gray value, radial angle, helical
angle, and anisotropy parameter Ω, as computed based on the local structure tensor.
(c) Volume rendering of the whole heart (KB illumination) along with a ROI near the
apex (PB illumination). The orientation was determined in the same way as for the
overview scan. (d) A stream tracing algorithm [264] applied to the vector field to vi-
sualize the 3d alignment of the cardiomyocytes. The radial orientation color is coded
as in the orthogonal slices shown above. Scale bars: 1 mm.
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Figure 3.7 shows the reconstruction of themyocyte orientation of the paraffin-embedded
heart. The top two rows show the reconstructed phase, the radial and helical angle
and the anisotropy of two orthogonal slices. The circular alignment of the muscle
bundles, which clearly appears in the phase reconstruction of the transverse plane, is
corroborated and quantified by the radial angle φ obtained form the ST . The radial
direction is oriented continuously around the left ventricle and is almost point sym-
metrical with respect to the center of the lumen. The helical angle, describing the
elevation of the cardiac orientation from the radial plane, is directed along the long
axis in the area around the left ventricle. Apart from the internal structure of the tis-
sue, a significant contribution to the ST and resulting anisotropy must be attributed
to interfaces created the detachment of the myocytes aggregates and by fissures asso-
ciated with the standard procedure of paraffin embedding. However, the interfaces
do not seem to form arbitrarily, but preferentially follow the muscle orientation. For
this reason, we consider the ST results to still give a reasonable portrait of the cardiac
structure. Note that the results of the ethanol-embedded heart are hardly affected by
this complication, and can hence serve as benchmark for the ST results. Next, the
(pseudo-)vector field describing the myocyte orientation was further analyzed by a
stream tracing algorithm which treats the data effectively as a flow problem probed
by tracer particles [264]. This can help to visualize the long range connectivity of mus-
cle tissue. The analysis was performed on a ROI probed by the PB configuration, as
shown in Fig. 3.7c, resulting in data visualized in Fig. 3.7d. Future extension of such
work could be directed at establishing the relationship between the connectivity of
cardiomyocytes and the signal propagation of excitation waves.

In a next step, the ethanol-embedded heart was analyzed at higher resolution, based
on the PB configuration. To this end, a ROI near the apex was chosen. Compared to
the paraffin embedding, the ethanol embedding enables better preservation of cardiac
structure, see also Fig. 3.5.

Figure 3.8 shows themyocyte orientation of the ethanol-embedded heart as a result of
the structural analysis, with Fig. 3.8a the volume rendering of the reconstructed den-
sity. Note, that the blood residues near the apex are masked out, based on a threshold
in anisotropy, which excludes the connected area with values of Ω < 0.4. In addition,
small holes in the mask were closed. Four representative and equidistantly spaced
slices, located just below the left ventricle blood pool are presented. Slice in Fig. 3.8b
is shown at large to give an impression of the structural details visible in the data. No-
tably, the dense organization of cardiomyocytes, nuclei and small blood vessels can be
recognized. Aside the density distribution, anisotropy as well as helical and radial an-
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Fig. 3.8: Orientation of the cardiomyocytes near the tip of the left ventricle, shown
for the ethanol-embedded heart. (a) Volume rendering of the heart tissue, with (b) a
representative transverse slice through the reconstructed density. The location of the
slice is marked as a red line in the volume rendering. Details as small capillaries and
nuclei can be identified in the dense arrangement of cardiomyocytes. Further, on the
left of the 3d volume one bundle of cardiomyocytes is highlighted. (c-e) Further slices
through the reconstruction volume are located below the left ventricle and consec-
utively shown from apex upwards. For each slice, the density, anisotropy, modulus
of the helical angle and radial angle are plotted. The locations of the slices are also
marked as dark red line line in (a). The white asteroid in the display of the helical
angle marks a muscle bundle which is oriented in the direction of the long axis. The
black arrow in (c) indicates a vortex of the cardiomyocyte arrangement. Scale bar:
250 µm.
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gle of the cardiac network were again analyzed, see the examples shown in Fig. 3.8c-e.
The position of all slices in the volume is marked by dark red line in Fig. 3.8a. Note
that the determination of the structural parameters is based on a sub-volume around
each pixel of the phase reconstruction. Therefore, the structures in the anisotropy and
angle maps may appear slightly larger than in the two dimensional slice.

The anisotropy indicates a clear alignment of the cardiomyocytes, especially for the
regions around the ventricle, where some gaps between the cells can be identified.
But also within the dense tissue some, areas of high anisotropy are encountered. For
regions with no preferable directions as for the blood residues, the anisotropy is very
low. As explained in the previous paragraph, areas of no significant alignment have
been masked out for the display of the corresponding angles. Next to the anisotropy,
the absolute value of the helical angle is shown. Blue areas indicate an in-plane ori-
entation while purple indicates an alignment towards the long axis. On the right of
each row in Fig. 3.8, the radial angle is shown. It indicates a vortex evolving below
the left ventricle (see black arrow). From the combination of both angular represen-
tations, areas of different orientations can be identified. These correspond to chains
of cardiomyocytes which are oriented in the same direction. For example, one mus-
cle bundle which is oriented towards the long axis is located in the bottom left of the
ROI (see asterisk). This bundle of cardiomyocytes is also highlighted in the 3d vol-
ume rendering. Another bundle in this region (directly next to the lumen) is oriented
in the radial plane in the slice shown in Fig. 3.8d. However, inside these areas of
structural alignment some irregularities appear. For example, in the representation
of the helical angle in the slice shown in Fig. 3.8e a band of irregularities appears in
the myocardium. This may indicate an entanglement of the cardiomyocytes similar
to a mesh-like structure. These small details were not recognized at lower resolution,
i.e. in the KB data.

Figure 3.9 shows that the sarcomeric periodicity can be extracted from the high reso-
lution data (WG optic). To this end, a cubic sub-volume, containing mostly tissue and
no blood vessels, with an edge length of 600 px was selected from the tomographic re-
constitution and probed by a Fourier analysis. In Fig. 3.9a amaximumprojection over
20 layers of the sub-volume is displayed. The corresponding (central) slice of the 3d
Fourier space is shown in Fig. 3.9b. Orthogonal to themyofibrils, a pronounced streak
is observed indicative for a broader distribution of inter-myofibril distances. The sar-
comeric periodicity, oriented perpendicular to the myofibrils, is encoded in the two
peaks visible in the Fourier space. The direction of the structural orientation was
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Fig. 3.9: Reconstruction of the sarcomeric periodicity. (a) Reconstructed electron
density of the biopsy taken from the paraffin-embedded heart. A maximum projec-
tion over 20 layers around a slice of a small cubic sub-volume with an edge length of
600 px. Scale bar: 25 µm. (b) Central slice of the 3d Fourier transform in the same di-
rection as the slice shown in (a). Logscale, scale bar: 1.2 nm−1. (c) Zoom into the low
spatial frequencies, after a rotation, which aligns the signal direction of the sarcomeric
periodicity to the horizontal. Logscale, scale bar: 0.6 nm−1. (d) Fourier intensity pro-
file along the direction of the sarcomeric signal, showing the side peaks corresponding
to the sarcomeric periodicity. To reduce noise, the signal was integrated in the orthog-
onal direction in a range of +-20 px, as indicated by the horizontal boundary lines in
(c). The peaks appearing correspond to a real-space periodicity of 1.8 µm.
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identified by a Fourier transform based algorithm[256]. To this end, the covariance
matrix of the signal in Fourier space was calculated, and subjected to PCA analysis.
For this purpose, a mask corresponding to the expected sarcomeric periodicity of 1.5-
3.5 µm (windowing of the Fourier signal) was applied before PCA analysis was per-
formed[265]. The volume was then rotated in such a way that the sarcomeric signal
was aligned along a main axis.

Figure 3.9c shows the rotated Fourier space. To increase the signal of the sarcomeric
periodicity, the intensities in a range of 20 px from the main axis were integrated. The
corresponding intensity profile is shown in Fig. 3.9d. The two peaks correspond to
an averaged sarcomeric periodicity of about 1.8 µm for the fixed tissue embedded in
paraffin.

3.5 Outlook

In summary, wehave demonstrated amulti-scale phase contrast tomography approach,
which allows to image the structure of cardiac muscle starting from the scale of the
the entire organ down to the sarcomere. To this end, we have implemented three lev-
els of magnification and tomography configurations at the GINIX instrument of the
PETRAIII storage ring, with correspondingly matched optics and detection. Impor-
tantly, phase retrieval by non-linear iterative reconstruction has allowed us to achieve
high image quality for analysis of structural orientation in the whole heart as well as
detailed views of the cyto-architecture down to sub-cellular features. As an outlook,
we note that important improvements and extensions can be foreseen on various lev-
els, including sample preparation, data analysis, instrumentation and optics.

Concerning sample preparation, further improvements could include fixation via per-
fusion to remove blood residuals. Air inclusions in the paraffin also often result in
tomography artifacts and more efforts will be made to avoid formation of air bubbles
or the removal thereof. Finally, better structure preservation of heart muscle can be
expectedwithout solvent exchange and paraffin embedding. Wehave already scanned
hearts in PBS/Formalin. The challenge here is themuchweaker contrast compared to
dehydrated samples, see also [242], which requires higher propagation distance and
careful optimization of photon energy.

Future extension of this work will be directed at bridging the gap between structure
and function. Multi-scale phase contrast tomography of post mortem small animal
hearts is already capable to provide 3d data, which can then be used as input for the
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simulation of cardiovascular functions. Modeling of signal excitation and transduc-
tion as well as mechanical functions require a quantitative understanding not only of
tissuemacrostructure, but also of (sub-)cellular orientation, as provided by the present
approach. In particular, even the local sarcomere periodicity as well as the relative
strength of the signal could be mapped by stitching high resolution tomograms.

Further, full-field tomography with continuous rotation, as shown here for the PB
setup with tissue volume rates of≃ 3 ·107µm3/s, enables high throughput of samples,
as required for biomedical studies with statistically sufficient number of diseased and
control specimens. Small animal models for fibrosis and hypertension are currently
under investigation, and show a very distinct pathologies of the 3d heart structure,
which can complement conventional histological analysis.

Finally, it is of interest to briefly address the prospects for dynamic (time-resolved)
propagation phase contrast tomography of a beating heart. Impressive instrumen-
tation for a tomography and beamline compatible Langendorff perfusion system has
been recently demonstrated at the TOMCAT beamline of the Swiss Light Source (SLS)
by A. Bonnin and coworkers. Tremendous challenges are associated with this goal,
not only in sufficiently fast data acquisition, reconstruction with a posteriori gating of
projections, but also with keeping the dose at tolerable levels. To this end, we believe
that full-field illumination with highly coherent undulator beams in the range of 25
keV-40 keV as will be provided by the next generation of (diffraction-limited) storage
rings could provide a significant advantage for balancing contrast and dose, in combi-
nation with dose efficient single-photon counting detectors. However, this advantage
can only be fully exploited if (i) undulator beams can be broadened by divergence be-
hind a secondary focus, and (ii) if the effective pixel size can be sufficiently reduced
by geometric magnification. To this end, the current work already shows how the
cone beam illumination optics can improved significantly by filtering the beam in the
secondary focal plane, keeping wavefront distortions at a tolerable level.
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Abstract

Wehave used phase-contrast X-ray tomography to characterize the three-dimensional
(3d) structure of cardiac tissue from patients who succumbed to Covid-19. By ex-
tending conventional histopathological examination by a third dimension, the deli-
cate pathological changes of the vascular system of severe Covid-19 progressions can
be analyzed, fully quantified and compared to other types of viral myocarditis and
controls. To this end, cardiac samples with a cross section of 3.5mm were scanned
at a laboratory setup as well as at a parallel beam setup at a synchrotron radiation
facility. The vascular network was segmented by a deep learning architecture suit-
able for 3d datasets (V-net), trained by sparse manual annotations. Pathological alter-
ations of vessels, concerning the variation of diameters and the amount of small holes,
were observed, indicative of elevated occurrence of intussusceptive angiogenesis, also
confirmed by high resolution cone beam X-ray tomography and scanning electron
microscopy. Furthermore, we implemented a fully automated analysis of the tissue
structure in form of shape measures based on the structure tensor. The correspond-
ing distributions show that the histopathology of Covid-19 differs from both influenza
and typical coxsackie virus myocarditis.

https://doi.org/10.7554/eLife.71359
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4.1 Introduction

The coronavirus disease 2019 (Covid-19) is caused by the serve acute respiratory syn-
drome coronavirus (SARS-CoV-2), predominantly entering the body via the respira-
tory tract. SARS-CoV-2 infects cells by binding its spike protein to the surface pro-
tein angiotensin-converting enzyme 2 (ACE2) of the host cell [266]. Severe cases
are most frequently affected by viral pneumonia and acute respiratory distress syn-
drome (ARDS), with a pathophysiology distinctly different from e.g. influenza in-
fection [169]. Mediated by a distinct inflammatory microenvironment, an uncon-
trolled infection can develop and result in massive tissue damage, again primarily
reported in the lung. Apart from diffuse alveolar damage, the main histological hall-
mark of ARDS, specific findings in the lung histopathology are high prevalence of
micro-thrombi and high levels of intussusceptive angiogenesis (IA) [169, 170, 267].
The latter is a rapid process of intravascular septation that produces two lumens from
a single vessel. It is distinct from sprouting angiogenesis because it has no necessary
requirement for cell proliferation, can rapidly expand an existing capillary network,
and can maintain organ function during replication [268]. The mechanistic link be-
tween branch angle remodeling and IA is the intussusceptive pillar. The pillar is a
cylindrical ’column’ or ’pillar’ that is 1–3 µm in diameter [269]. In short, the capillary
wall extends into the lumen and split a single vessel in two. Opposing capillary walls
are first dilated, and intraluminal pillars form at vessel bifurcations by an intraluminal
intussusception ofmyofibroblasts, creating a core between the two new vessels. These
cells begin depositing collagen fibers into the core, providing an extracellular matrix
(ECM) for the growth of the vessel lumen. The extension of the pillar along the axis of
the vessel then results in vessel duplication. These structural changes of the vascula-
ture have been reported in various non-neoplastic and neoplastic diseases [270–272].
These finding underline the notion that Covid-19 is a disease driven by, and centered
around, the vasculature with direct endothelial infection, thus providing SARS-CoV-2
an easy entry route into other organs, subsequently resulting in multi-organ damage
[273, 274].

Clinically, the heart appears to be a particular organ at risk in Covid-19. Acute car-
diac involvement (e.g. lowered ejection fraction, arrhythmia, dyskinesia, elevated
cardiac injury markers) is reported in a broad range of cases. In contrast to other
respiratory viral diseases affecting the heart (e.g. coxsackie virus), in the few Covid-
19 cases reported so far that included cardiac histopathology, no classic lymphocytic
myocarditis –characterized by a T-lymphocyte predominant infiltrate with cardiomy-
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ocyte necrosis– was observed [275–280]. Furthermore, the underlying pathomecha-
nisms are still poorly understoodwith both direct virus induced (cellular) damage and
indirect injury being discussed [275, 281–285]. Particularly, it is not known to which
extent the vasculature of the heart, including the smallest capillaries, are affected and
whether IA is also a dominant process in this organ. More generally, one would like
to delineate the morphological changes of cytoarchitecture from other well described
pathologies. Recently, we have used three-dimensional (3d) virtual histology based
on phase-contrast X-ray tomography as a new tool for Covid-19 pathohistology and
investigated these structural changes in post mortem tissue biopsies from Covid-19
diseased lung tissue [171, 172]. Exploiting phase contrast based on wave propagation,
the 3d structure of formalin-fixed, paraffin–embedded (FFPE) tissue -the mainstay
for histopathological samples worldwide- can be assessed at high resolution, i.e. with
sub-micron voxel size and with sufficient contrast also for soft and unstained tissues
[164]. By relaxing the resolution to voxel sizes in the range of 25microns and stitching
of different tomograms, the entire human organ can be covered and an entire FFPE
tissue block ’unlocked’ by destruction-free 3d analysis [172]

In this work, we now focus on the 3d architecture of cardiac tissue. We have scanned
unstained, paraffin embedded tissue, prepared by a biopsy punch from paraffin em-
bedded tissue blocks, collected frompatientswhichhave succumbed toCovid-19 (Cov).
For comparison, we have scanned tissue from influenza (Inf) and myocarditis (Myo)
patients as well as from a control group (Ctr). In total, we have scanned 26 samples,
all which had undergone routine histopathological assessment beforehand. We used
both a synchrotron holo-tomography setup and a laboratory µCT with custom de-
signed instrumentation and reconstruction workflow, as described in [171]. Based
on the reconstructed volume data, we then determined structural parameters, such
as the orientation of the cardiomyocytes and the degree of anisotropy, as well as a set
of shape measures defined from the structure tensor analysis. This procedure is al-
ready well established for Murine heart models [181]. Segmentation of the vascular
network enabled by deep learning methods is used to quantify the architecture of the
vasculature.

Following this introduction, we describe the methodology, which is already summa-
rized in Fig.4.1. We then describe the reconstructed tissue data in terms of histopatho-
logical findings and compare the different groups. We then apply automated image
processing for classification and quantification of tissue pathologies. Finally, we seg-
ment the vasculature using a deep-learning based approach based on sparse annota-
tions and quantify the structure of the capillary network by graph representations of
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the segmented vessels. From the generalized shape measures, as well as the inspec-
tion of particular vessel architectures exhibiting the IA phenomenon, distinct changes
of Cov with respect to the other pathologies and to Ctr are observed. The paper closes
with a short conclusions and outlook section.

4.1.1 Autopsy, clinical background and tissue preparation

In total, 26 post mortem heart tissue samples were investigated: 11 from Covid-19 pa-
tients (Cov), 4 from H1N1/A influenza patients (Inf), 5 from patients who died due
to coxsackie virus myocarditis (Myo), as well as 6 control samples (Ctr). The age and
sex of all patients are summarized in Tab. 4.1. Detailed information about age, sex,
cause of death, hospitalization, clinical, radiological and histological characteristics
of all patients is given in Appendix Tab. 4.5.
Figure 4.1 illustrates the sample preparation and the tomographic scan geometries

Table 4.1: Sample and medical information of patients.
sample group N patients sample quantity age sex

Control 2 6 31± 7 2 F
Covid-19 11 11 76± 13 10 M, 1 F
Myocarditis 5 5 43± 17 4 M, 1 F
Influenza 4 4 63± 9 3 M, 1 F

used to assess the 3d cytoarchitecture on different length scales. FFPE-tissue from
autopsies was prepared by standard formalin fixation and paraffin embedding. From
the paraffin-embedded tissue block, sections of 3 µm thickness were prepared for his-
tomorphological assessment using conventional haematoxylin and eosin (HE) stain-
ing. One representative microscopy image of a Covid-19 patient is shown in Fig. 4.1.
An overview of HE stained sections from all samples is shown in Fig. 4.2. In previous
studies, we could show the correlation of 3d X-ray phase contrast tomography data
with conventional 2d histology [164, 171].
Biopsy punches with a diameter of 3.5mm were then taken and transferred onto a
holder for the tomographic scans. All samples were first scanned at a laboratory µCT
instrument using a liquid metal jet anode. Next, tomograms of Covid-19 and control
samples were scanned at the GINIX endstation of the P10 beamline at the PETRAIII
storage ring (DESY, Hamburg), using the parallel (unfocused) synchrotron beam. Fi-
nally, biopsy punches with a diameter of 1mm was taken from the 3.5mm biopsy of
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Fig. 4.1: Sample preparation and tomography setups. (A) HE stain of a 3 µm
thick paraffin section of one sample from a patient who died from Covid-19 (Cov-I,
Scalebar: 100 µm). In total, 26 post mortem heart tissue samples were investigated:
11 from Covid-19 patients, 4 from influenza patients, 5 from patients who died with
myocarditis and 6 control samples. (B) From each of the samples a biopsy punch with
a diameter of 3.5mm was taken and transferred onto a holder for the tomography
acquisition. After tomographic scans of all samples at the laboratory setup, Covid-
19 and control specimens were investigated at at the synchrotron. Furthermore, one
punch with a diameter of 1mm was taken from one of the control and Covid-19 sam-
ples for investigations at high resolution. (C) Sketch of the laboratory micro-CT setup.
Tomographic scans of all samples were recorded in cone beam geometry with an ef-
fective pixel size of pxeff = 2 µm using a liquid metal jet source (EXCILLUM, Swe-
den). (D) Sketch of the parallel beam setup of the GINIX endstation (P10 beamline,
DESY, Hamburg). In this geometry, datasets of Covid-19 and control samples were
acquired at an effective voxel size of 650 nm3. One plane of each sample was covered
by 3×3 tomographic recordings. (E) Cone beam setup of the GINIX endstation. After
the investigation in parallel geometry, the 1 mm biopsy punches of one control and
Covid-19 sample were probed in cone beam geometry. This configuration is based on
a coherent illumination by a wave guide and allows for high geometric magnification
and effective voxel sizes below 200 nm.
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one control and one Covid-19 sample and scanned at high geometric magnification
M using a cone beam illumination emanating from a X-ray waveguide (WG).

4.1.2 Tomographic recordings

Liquid metal jet (LJ) setup: All samples were scanned using a home-built labora-
tory phase-contrast µCT-setup, as sketched in Fig. 4.1C. X-rays emitted from a liquid
metal jet anode (Excillum, Sweden) are used in cone beam geometry with a geometric
magnificationM = x01+x12

x01
controlled by the source-sample x01 and sample-detector

distance x12. The spectrum of photon energyE is dominated by the characteristic Kα

lines of galinstan (Ga,Zn, In alloy), in particular theGa lineEGa = 9.25 keV. Projec-
tionswere acquired by a sCMOS detector with a pixel size of px = 6.5 µm coupled by a
fiber-optic to a 15 µm thick Gadox-scintillator (Photonic Science, UK) [2, 286]. In this
work, data was acquired at an effective pixel size of pxeff = px

M = 2 µm. For each of the
1501 angular positions 3 projections at 0.6 s acquisition time were averaged. Further,
50 flat field images before and after the tomographic acquisition, as well as 50 dark
field images after the scan were recorded. The total scan time was approximately one
hour per sample.

Parallel beam (PB) setup: All Cov and Ctr samples were also scanned with an
unfocused, quasi-parallel synchrotron beam at the GINIX endstation, at a photon en-
ergy Eph of 13.8 keV. Projections were recorded by a microscope detection system
(Optique Peter, France) with a 50 µm thick LuAG:Ce scintillator and a 10× magnify-
ing microscope objective onto a sCMOS sensor (pco.edge 5.5, PCO, Germany) [165].
This configuration enables a field-of-view (FOV) of 1.6mm×1.4mm, sampled at a
pixel size of 650 nm. The continuous scanmode of the setup allows to acquire a tomo-
graphic recording with 3000 projections over 360◦ in less than 2 minutes. For each
sample one plane of the 3.5mm biopsy punch was covered by 3×3 tomographic ac-
quisitions. Afterwards, dark field and flat field images were acquired. In total more
than 150 tomographic scans (9 tomograms for each of the 17 samples) were recorded
in this configuration.

Waveguide (WG) setup: As a proof-of-concept that sub-cellular resolution can
also be obtained on cardiac tissue samples, a 1mm-diameter biopsy punch was taken
from both a Covid-19 and control sample, both of which were previously-scanned
(PB geometry). The highly coherent cone beam geometry and clean wavefront of the
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Fig. 4.2: HE stain of all cardiac samples. Scale bar: 5mm.
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WG illumination allows for samples to be probed at high magnification in the holo-
graphic regime. Here, the sample was aligned at M ≃ 40, resulting in an effective
pixel size of 159 nm. Images of the Ctr were acquired by a sCMOS Camera (15 µmGa-
dox scintillator, 2560 × 2160 pixel) with a physical pixel size of 6.5 µm (Andor Tech-
nology Ltd, UK). Cov datasets were recorded by a 1:1 fiber-coupled scintillator-based
sCMOS camera (2048 x 2048 pixels, Photonic Science, Sussex, UK) with a custom
15 µm thick Gadox scintillator with pixel size of 6.5 µm. For Ctr data the photon en-
ergy was E =10 keV and 1500 projections over 180 degrees were recorded with an
acquisition time of 0.3 s, for the Cov sample 1500 projections were acquired for four
slightly different propagation distances atE =10.8 keV. The difference in acquisition
time of both scans (Ctr: ≃ 10min, Cov≃ 3 h) is given by different wavguide channel
diameters and guiding layer materials (Ctr: Ge, Cov: Si). Before and after each tomo-
graphic scan 50 empty beam projections as well as 20 dark fields after the scan were
recorded. The experimental and acquisition parameters for all imagingmodalities are
listed in Tab. 4.2.

Table 4.2: Data acquisition parameters of the laboratory and synchrotron scans.
parameter LJ setup PB setup WG setup (Ctr/Cov)

photon energy (keV) 9.25 13.8 10/10.8
source-sample-dist. x01 (m) 0.092 ≃ 90 0.125/0.125 0.127 0.131 0.139
sample-detector-dist. x12 (m) 0.206 0.5 4.975
geometric magnification M ≃ 3 ≃ 1 ≃ 40

pixel size (µm) 6.5 0.65 6.5
effective pixel size (µm) 2 0.65 0.159
field-of-view h×v (mm2) 4.8×3.4 1.6 × 1.4 0.344×0.407/0.325 × 0.325
acquisition time (s) 3 × 0.6 0.035 0.3/2.5
number of projections 1501 3000 1500
number of flat field 50 1000 50
number of dark field 50 150 20

4.1.3 Phase retrieval and tomographic reconstruction

The 3d structure of the cardiac tissue was reconstructed from the raw detector images.
To this end, we computed the phase information of each individual projection and per-
formed tomographic reconstruction to access the 3d electron density distribution. For
image processing and phase retrieval, we used theHoloTomoToolbox developed by
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our group, andmade publicly available [149]. First, flat field and dark field corrections
were performed for all raw projections. In addition, hot pixel and detector sensitivity
variations were removed by local median filtering. Phase retrieval of LJ scans was
carried out with the Bronnikov aided Correction (BAC) algorithm [142, 143]. For the
PB scans, a local ring removal (width of ±40 pixel) was applied around areas where
wavefront distortions from upstreamwindowmaterials did not perfectly cancel out af-
ter empty beam division. Phase retrieval of PB scans was performed using the linear
CTF-approach [148, 287]. Phase retrieval of WG scans was performed using a nonlin-
ear approach of the CTF. This advanced approach does not rely on the assumption of
a weakly varying phase, and iteratively minimizes the Tikhonov-functional starting
from the CTF result as an initial guess. For a weakly phase-shifting sample (linear
approximation) without further constraints, both approaches yield exactly the same
result [149]. Apart from phase retrieval, the HoloTomoToolbox provides auxiliary
functions, which help to refine the Fresnel number or to identify the tilt and shift of
the axis of rotation [149]. Tomographic reconstruction of the datasets was performed
by the ASTRA toolbox [262, 288]. For the LJ and WG scans recorded at large cone
beam geometry, the FDK-function was used, while the PB was reconstructed by the
iradon-function with a Ram-Lak filter.

To combine the 3×3 tomographic volumes, covering one plane of the 3.5mm biopsy
in PB geometry, a non-rigid stitching tool of was used [289]. Region-of-interest arte-
facts of the PB reconstructions, which led to circular low frequency artefacts at the
borders of the biopsy reconstruction volume, were removed by radial fitting of cosine
functions. In order to decrease the size of the stitched volume, and thus also com-
putational power needed for further analysis, the datasets were binned by a factor of
2.

Table 4.3: Phase retrieval algorithms and parameters used for the different setups.
setup LJ setup PB setup WG setup

Fresnel number 0.47125 0.0095 0.0017
phase retrieval BAC CTF nonlinear CTF
δ/β-ratio - 1/45 1/130
parameter α = 8 · 10−3 α1 = 10−3 α1 = 8 · 10−4

γ = 1 α2 = 0.5 α2 = 0.2



102 3D virtual histopathology of cardiac tissue from Covid-19 patients

Dice Loss

V-Net

A B

C

fiber-like organization

plane-like organizationis
ot

ro
pi

c 
or

ga
ni

za
tio

n

D

E

1mm

21 3

4

F

Fig. 4.3: Data analysis workflow of cardiac samples. (A) Volume rendering of a
tomographic reconstruction from PB data. (B) Orthogonal slice of the masked tissue.
Scale bar: 1mm (C) Shape measure distribution (Cl red, Cp green and Cs blue) of
the slice shown in B. (D) Ternary plot of shape measure distribution. The peak (red)
and mean (yellow) values are marked with an asterisk. (E) Overview of the training
process for the neural network. (1) Random subvolumes (containing labelled vox-
els) are sampled from the full volume and are collected in a batch. (2) The batch is
fed through the neural network, resulting in (3) a segmentation (top) and labels for
one subvolume (bottom). (4) The dice loss is computed from segmented subvolumes
based on labelled voxels, and the parameters of the neural network are updated. (F)
Scheme of branching and the relation to degree of the vessel nodes obtained by a graph
representation of the segmented microvasculature.
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4.1.4 Structure tensor analysis

The laboratory datasets and the stitched datasets reconstructed from the PB recordings
were used for further analysis of the cardiac structure and the corresponding patho-
logical changes, see the workflow sketched in Fig. 4.3. For each reconstruction of the
3d electron density map (Fig. 4.3A), the biopsy punches were first masked based on
their higher electron density compared to the surrounding air. Missing areas in the PB
acquisition (from corrupted datasets)were excluded. The intensities of the reconstruc-
tions were normalized. Figure 4.3B shows an exemplary masked 2D slice. For each
sample, the local tissue orientation and the degree of alignment was then determined
from structure tensor analysis [290]. Accordingly, the local structural orientation at
point r can be described by a vector w

w(r) = argminv=1(I(r+ v)− I(r))2

with v ∈ R3 and |v| = 1 in voxel units. Since the vectorw or set of vectors is computed
frompartial derivatives, one has to first compensate for the ill-posedness of computing
derivatives of noisy intensity values by convolving intensities Iσ = Kσ ∗ I with a
Gaussian kernel Kσ . The structure tensor Jρ then is defined as follows

Jρ = Kρ ∗

 (∂xIσ)
2 (∂xIσ)(∂yIσ) (∂xIσ)(∂zIσ)

(∂yIσ)(∂xIσ) (∂yIσ)
2 (∂yIσ)(∂zIσ)

(∂zIσ)(∂xIσ) (∂zIσ)(∂yIσ) (∂zIσ)
2

 ,

where a second convolutionKρ is applied with length scale ρ, thus defining the struc-
tural scale onwhich the tissue structure is analyzed/reported. Since the reconstructed
electron density I(r) along a fiber is approximately constant along the fiber tangent,
the vector describing the local structural orientation is given by the eigenvector with
the smallest eigenvalue of the symmetric matrix Jρ. The implementation of the struc-
ture tensor analysis is provided inhttps://lab.compute.dtu.dk/patmjen/structure-tensor.
In this work, the size of ρ, determining the sub-volume on which the structural anal-
ysis is performed, was set to 32 pixels for PB datasets and 12 pixels for LJ acquisitions.
This corresponds to ≈ 20.8µm and 24µm, respectively, i.e. a value slightly smaller
than the diameter of a cardiomyocyte (≈ 25µm). A smoothing parameter σ of 2 pixels
was chosen to reduce noise. From the eigenvalues (λ1 ≥ λ2 ≥ λ3) of Jρ, quantitative
shape measures (as first introduced for diffusion tensor MRI data) can be determined
[291]. These parameters describe the degree of anisotropy of the local structure orien-
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tation. Tissue structure with fiber-like symmetry are indicated by a high value of

Cl =
λ2 − λ3
λ1

.

Plane-like (lamellar) symmetry is described by a high value of

Cp =
λ1 − λ2
λ1

,

and isotropic structures are described by a high value of the spherical shape measure

Cs =
λ3
λ1

.

The shapemeasure distribution of the exemplary slice is shown in Fig. 4.3C. Red areas
indicate a high Cl value and correlate with the well aligned chains of cardiomyocytes.
Planar structures as collagen sheets and separated muscle bundles show a high Cp

value and are color-coded in green. Isotropic areas as blood filled vessels are repre-
sented by a high Cs value (blue). The values of the three measures range between
zero and one, and sum up to one

Cl + Cp + Cs = 1 .

Thus, one of the three shape measures is redundant. The data can be plotted in a
ternary diagramasused to represent phase diagrams of ternarymixtures (see Fig. 4.3D).
To characterize the distribution of the shape measures for each sample, a principal
component analysis (PCA) was performed. Note, that for the LJ datasets, the paraf-
fin surrounding the cardiac tissue was removed by an intensity-based mask. Since
one axis of the shape measure is redundant, the distribution of all data points can
be described by two eigenvectors (u1,u2 with the largest eigenvalues (η1, η2)). The
PCA analysis is equivalent to a two-dimensional Gaussian with standard deviation
√
η1,

√
η2. The two eigenvectors (u1,u2) can be represented by the major and minor

axis of an ellipse centred around the mean (µl, µp, µs) (yellow asteroid) representing
the ’point cloud’ of all shape measures. The eccentricity of the ellipse is given by

e =

√
1−

√
η2√
η1
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and describes how much the ellipse deviates from being circular. The area of the
ellipse is given by Aη = π

√
η1η2 and is a measure for the dispersion of the shape

measure distribution. The eccentricity indicates whether the dispersion is isotropic
in the plane of the shape parameters. Large values of e indicate a sharp elongated
distribution along the major axis of the ellipse.

4.1.5 Segmentation by deep learning

A deep learning approach based on the V-Net architecture [292] was used to seg-
ment the vascular network in the PB datasets. The V-Net can be regarded as a 3D
version of the popular U-Net architecture [293] often used for segmentation of med-
ical images. Training was performed using the Dice loss [292] and the ADAM opti-
mizer [294] with step size 0.001 and hyperparameters β1 = 0.9 and β2 = 0.999. To
avoid the need of a fully labelled training dataset, a training strategy using sparsely
annotated data sets was adopted, inspired by [295]. In each dataset, a small num-
ber of axis-aligned 2D slices was annotated manually, and the Dice loss was evalu-
ated only for these annotated voxels. Prior to training, the annotated volumes were
split into a training set and a smaller validation set. The network was trained on
the training set, while the quality of the current model (network weights) was tested
on the validation set, as sketched in Fig. 4.3E. Instead of segmenting the entire vol-
ume before computing the loss, batches of 12 random subvolumes of size 96 × 96
× 96 voxels were selected, ensuring that each contained annotated voxels. These
were then fed into the network, the loss was computed, and the parameters (network
weights) were updated. After running on 256 subvolumes, the network was evaluated
by running it on the validation set. Rotations by 90 degrees and mirror reflections
(axis flips) were used both on the training and the validation subvolumes to augment
the data. The neural network code of this implementation was uploaded to GitHub
(github.com/patmjen/blood-vessel-segmentation).
A separate model was trained for a Covid-19 volume (Cov-IV) and a control volume
(Ctr-III). The models were trained for 24 hours (˷900 epochs) using an NVIDIA Tesla
V100 32 GB GPU, and the model version which achieved the highest validation score
during the training was kept. Finally, the training was performed over two rounds.
First, an initial training and validation set was created to train the model. Then,
the training set was improved by adding additional annotations to areas which were
falsely segmented, and a new model was trained on the improved data.
As the segmentation masks produced by the neural networks typically contained a

github.com/patmjen/blood-vessel-segmentation
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number of errors, a post-processing pipeline was designed to reduce the errors’ effect.
The first step is to reduce the number of false positives. These typically materialize
as small, roughly spherical regions of background which was erroneously detected as
blood vessels. To remove them, the structure tensor shape measures Cl, Cp, and Cs

are computed for the segmentation mask (treating background as 0 and foreground
as 1) with σ and ρ set to 1 and 8 voxels, respectively. Then, all connected components
with a volume less than 104 voxels or a mean value ofCs greater than 0.2 are removed.
The thresholding on Cs ensures that isotropic components are removed regardless of
their size while still preserving smaller sections of correctly segmented blood vessels.
The last step is to reduce the number of false negatives by reconnecting segments of
blood vessels which are disconnected due to small errors in the segmentation. Since
endpoints of blood vessels will typically have a large value of Cs, small gaps in the
vessels can be closed by performing a morphological closing of the isotropic regions
of the segmentation mask. Specifically, the cleaned binary mask, B̂, is given by

B̂ = max(B, close(Cl ⊙B,S4) > 0.2) ,

where B is the original binary mask (after the first post processing step), Cl is the
line-like measure for all voxels inB, and close(Cl ⊙B,S4) denotes a closing of the el-
ementwise product betweenCl andBwith a ball of radius 4. For performance reasons
the closing uses an approximated ball as described in [296].

4.1.6 Quantification of the vascular system

A quantitative description of the vascular system was achieved by modelling the seg-
mented vessels as a mathematical graph. A graph consists of a set of vertices and a
set of edges where each edge connects a pair of vertices. If vertices are connected via
an edge they are said to be neighbors and the degree of a vertex (nodes) n is equal to
its number of neighbors. In Fig. 4.3F a sketch of a vessel graph is shown for a straight
vessel and for a vessel with multiple branching points. The degree of connectivity n
is added to the sketch. This gives a natural correspondence to the complex vascular
system bymodelling bifurcation points as vertices and the blood vessels between pairs
of bifurcation points as edges. Furthermore, structural phenomena such as excessive
vessel bifurcation and intussusceptive angiogenesis can now be detected by, respec-
tively, a large number of high degree vertices and loops in the graph. The graph corre-
sponding to the vascular system is extracted from the segmentation created by the neu-
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ral network. First, a skeletonization ([297]) is computed, which reduces all structures
in the binary volume to 1-voxel wide centerlines without changing the connectivity.
These centerlines are then converted to a graph as described in [298]. Once the graph
is constructed the vertex degrees can readily be extracted by counting the number of
edges connected to each vertex. Loops are detected using the algorithm from [299]
which detects all atomic cycles in a given graph. A cycle is a path through the graph
that begins and ends at the same vertex without reusing edges. An atomic cycle is a
cycle which cannot be decomposed into shorter cycles. Only reporting atomic cycles
is more robust, since small errors in the segmentation may cause the skeletonization
to contain long cycles that do not correspond to anatomical structures. The 3d data
sets (including tomographic reconstructions and segmentations) was visualized using
the software Avizo (Thermo Fisher Scientific).

4.1.7 Vascular Corrosion Casting, Scanning Electron Microscopy,
and Morphometry

The microvascular architecture of Covid-19 hearts was also examined using scanning
electron microscopy (SEM) and microvascular corrosion casting [269]. So far, cor-
rosion casting coupled with SEM represents the gold standard for assessing the sub-
types of angiogenesis. The afferent vessels of heart specimens were cannulated with
an olive-tipped cannula. The vasculature was flushed with saline (at body tempera-
ture) followed by glutaraldehyde fixation solution (2.5%, pH 7.4, Sigma Aldrich, Mu-
nich, Germany). Fixation was followed by injection of prepolymerized PU4ii resin
(VasQtec, Zurich, Switzerland) mixed with a hardener (40% solvent) and blue dye as
castingmedium. After curing of the resin, the heart tissuewasmacerated in 10%KOH
(Fluka, Neu-Ulm, Germany) at 40°C for 2 to 3 days. Specimens were then rinsed with
water and frozen in distilled water. The casts were freeze-dried and sputtered with
gold in an argon atmosphere and examined using a Philips ESEM XL-30 scanning
electron microscope (Philips, Eindhoven, Netherlands). Vascular morphometry of
variants of angiogenesis were then assessed: high power images of the capillary net-
work were scanned and quantified.
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Fig. 4.4: Overview of reconstruction volumes: Laboratory setup. For each sam-
ple analyzed at the LJ µ-CT setup one slice of the reconstructed volume is shown. In
the top row, a slice of a tomographic reconstruction of a control sample (Ctr-I) and of
a sample from a patient who died from Covid-19 (Cov-I) are shown. Below, further
slices from control (Ctr-II to Ctr-VI), Covid-19 (Cov-II to Cov-XI) as well as myocardi-
tis (Myo-I to Myo-V) and influenza (Inf-I to Inf-IV) samples are shown. Scale bars:
1mm.
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4.2 Results

4.2.1 Reconstructed electron density: laboratory data

Figure 4.4 shows representative slices of the tomographic reconstruction for all sam-
ples scanned at the laboratory LJ setup. The image quality is sufficient to identify the
cytoarchitecture and main structural features of interest, such as the general orienta-
tion of the cardiomyocytes, large arteries and veins, as well as smaller capillaries. Oc-
casionally, artefacts from sample preparation, such as small air filled micro-fractures
of the paraffin, also appear in the reconstructions. In the top row of Fig. 4.4, two an-
notated slices representative for the Covid-19 and control group are shown enlarged.
In the following, the structural appearance of the different groups (Ctr, Cov, Inf and
Myo) is briefly described.

Control (Ctr) The reconstructions of the control hearts are shown in the top row
(Fig.4.4 (Ctr-I to Ctr-VI)). Biopsies Ctr-I to Ctr-III andCtr-IV to Ctr-VIwere taken from
different areas of the same heart, respectively. In general, the cardiac structure with
interload cardiomyocytes and vasculature of the control group is well preserved. The
cardiomyocytes are arranged in close proximity and form bundled elongated myocyte
chains. Vessels appear as bright tubes within the dense, homogeneous muscle tissue
and only a few blood residues can be found in the vessels. Ctr-III differs from the other
control samples. The alignment of the cardiomyocytes is not directed along the same
direction, and the amount of collagen sheets and paraffin inclusions is comparably
high. Further, a high amount of adipose tissue can be identified, as accumulations of
less electron-dense (i.e. brighter) spheroids, see for example the top of the slice. Ctr-
III also shows a high amount of collagen sheets, which appear as dark stripes in the
reconstructions. Ctr-V contains many electron-dense spheres.

Covid-19 (Cov) The cardiac samples of the hearts from patients who died from
Covid-19 are shown in the next two rows of Fig.4.4 (Cov-I to Cov-XI). Compared to
Ctr, all Cov samples show a high amount of blood filled, ectatic vessels with abrupt
changes in diameter, plausibly correlating to micro-thrombi. The cardiomyocytes are
not densely packed with substantial interstitial edema, and correspondingly there is a
high amount of paraffin inclusions between the cells. This may also explain a higher
amount of micro-fractures (e.g. in Cov-I and IV) in the paraffin, which are filled with
air. Furthermore, Cov-I also shows an inflammatory infiltrate, predominantly consist-
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ing of macrophages, around the intramyocardial vessel, marked in the corresponding
slice (top, right) of Fig.4.4.

Coxsackie virus myocarditis (Myo) In Figure 4.4 representative slices from tomo-
graphic reconstructions of biopsies of patients who died from coxsackie myocarditis
(Myo-I to Myo-V) are shown. The tissue of theMyo group is almost as densely packed
as the Ctr group. Only in the biopsy of Myo-III, which was sampled near an artery,
are some large paraffin inclusions between the cardiomyocytes visible. Characteristic
for all myocardits samples is a high amount of lymphocytes, which appear as small
electron-dense spheres in the reconstructions. They are primarily located close to ves-
sels (as in Myo-II), but also appear inside the ECM between cardiomyocytes (Myo-I),
or infiltrate extensive areas of tissue devoid of vital cardiomyocytes, corresponding to
necrosis (Myo-V).

Influenza (Inf) The biopsies taken from patients who succumbed to H1N1/A in-
fluenza (Inf-I to Inf-IV) are shown in the bottom row of Fig.4.4. The tissue structure in
this group is also densely packed. Inf-IV shows a high amount of blood filled vessels
with abrupt changes in caliber, plausibly correlating to micro-thrombi. Otherwise,
changes include lymphocytic infiltration and regions devoid of vital cardiomyocytes
indicating necrosis, similar to (Myo)

In summary, the quality of the reconstructions from laboratory data was already suf-
ficiently high to identify the main anatomical features of the cardiac tissue, readily by
eye in selected slices. The full reconstruction volumes were therefore targeted by au-
tomated geometric analysis based on a structure tensor approach, as described in the
next section. However, smaller capillaries and sub-cellular features were not resolved
at the laboratory LJ setup. Thus, imaging using high coherent synchrotron radiation
was chosen to analyze vascular changes within the tissue.

4.2.2 Reconstructed electron density: synchrotron data

PB setup The samples from Ctr and Cov patients were scanned at the PB setup
of the GINIX endstation (Hamburg, DESY). Compared to the laboratory acquisitions,
this allows for smaller effective voxel sizes and enables a higher contrast for smaller
tissue structures as erythrocytes and capillaries (as shown in Fig. 4.5). Slices of the
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tomographic reconstruction of the 3d electron density distribution are shown in the
top row of Fig. 4.6. The data was used for the segmentation of the vascular system.

50 µm

A B

50 µm

C

Fig. 4.5: Reconstructions of theLJ compared to thePB setup. Comparison of the
data quality of laboratory and synchrotron measurements. (A) slice of a laboratory
reconstruction at a voxelsize of 2 µm. A region of interest containing a branching
vessel is marked by a blue box which is shown in (B). The same area cropped from
a tomographic reconstruction at the PB setup at a voxelsize of 650 nm is shown in
(C). The smaller voxelsize, higher contrast and SNR of the PB scans is necessary to
segment the vascular system. Scale bars: (A) 1mm, (B,C) 50 µm.

WG setup In order to further explore high resolution imaging capabilities, tomo-
grams of two selected biopsies (Ctr-VI and Cov-III) with a diameter of 1mm were
recorded at the WG setup of the GINIX endstation, exploiting cone beam magnifica-
tion and high coherence filtering based on the waveguide modes. Figure 4.7 shows
the corresponding results. A cut of the entire control volume with a size of about
340 × 340 × 400 µm3 is shown in Fig. 4.7A. Figure 4.7B shows a slice through the
tomographic reconstruction perpendicular to the orientation of the cardiomyocytes.
A closer inspection of a single cardiomyocyte marked with a red box is shown on the
right. The nucleus of the cell with nucleoli can be clearly seen. Within the cytosol, the
myofibrils appear as small discs in the slice. Figure 4.7C shows a second slice through
the 3d volume which is oriented along the orientation of the cardiomyocytes. In this
view, intercalated discs can be identified. They appear as dark lines connecting two
cardiomyocytes. A magnification of the area is marked with a red box. In this view,
themyofibrils can be identified as elongated lines within the cell. This region also con-
tains a nucleus of one cardiomyocyte, but also an intercalated disc at the bottom of
the image. The tomographic reconstruction of the Cov sample is shown in the lower
part of Fig. 4.7 in the same manner as the Ctr. In this dataset capillaries, nuclei and
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Fig. 4.6: Shape measure of all Covid-19 and control samples reconstructed
from PB data. Slices of the reconstructed electron density (stitched volumes of 3
× 3 tomographic reconstructions), the corresponding slice of the shape measure and
the ternary plot of the shape distribution in the entire volume are shown. Corrupted
datasets were excluded from the analysis and masked in white. Scale bar: 1mm.
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Fig. 4.7: High resolution tomogramof cardiac tissue recorded in conebeamge-
ometry. (A) Volume rendering of a tomographic reconstruction from a control sam-
ple recorded in cone beam geometry based on a wave guide illumination. After the
analysis in parallel beam geometry a biopsy with a diameter of 1mm was taken from
the 3.5mm biopsy punch. This configuration reveals sub-cellular structures such as
nuclei of one cardiomyocytes, myofibrils and intercalated discs. (B) Slice of the re-
constructed volume perpendicular to the orientation of the cardiomyocytes. The red
box marks an area which is magnified and shown on the right. One cardiomyocyte
is located in the center of the magnified area. In this view, the nucleus can be identi-
fied. It contains two nucleoli, which can be identified as dark spots. The myofibrils
appear as round discs. (C) Orthogonal slice which oriented along the orientation of
the cardiomyocytes. A magnification of the area marked with a red box. In this view,
a nucleus but also the myofibrils can be identified as dark, elongated structures in the
cell. Further, an intercalated disc is located at the bottom of the area. (D) Volume
rendering of a tomographic reconstruction from a Covid-19 sample. Slices orthogo-
nal (E) and along (F) to the cardiomyocyte orientation are shown on the right. In
the magnified areas, a nucleus of an endothelial cell and an intraluminar pillar -the
morphological hallmark of intussusceptive angiogenesis- are visible. Scale bars: or-
thoslices 50 µm; magnified areas 10 µm.
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myofibrils can also be identified. The volume contains smaller capillaries compared
to the control, but this circumstance is probably due to a different location within the
myocardium. The most important difference between the Ctr and Cov sample is the
presence of small bars in the lumen of capillaries in the Cov sample. These intralumi-
nal pillars are an indicator for IA.

Since the FOV in this configuration is limited, and stitching of larger volumes required
more beamtime than available, quantitative and statistical analysis was performed
only on the datasets acquired in the laboratory and in PB geometry. At the same
time, this proof-of-concept shows that muchmore structural information could be ex-
ploited by stitching tomography and speeding-up the measurement sequence in the
WG configuration.

The tomographic datasets recorded at theWG setup as well as the PB datasets used for
the segmentation of the vascular system and the respective laboratory datasets were
uploaded to https://doi.org/10.5281/zenodo.5658380 [300].

4.2.3 Automated tissue analysis and classification of pathologies

Next, the reconstructed 3d tissue structure is analyzed by an automated workflow
involving differential operators and subsequent statistical representations based on
the structure tensor analysis. Instead of semantic analysis of specific structures (ves-
sels, cardiomyocytes, ect), which is considered further below, we first target geomet-
ric properties encoded by grey value derivatives, possible prototypical distribution
of these parameters in a sample, and the respective variations within and between
groups. This can then later be interpreted also in view of semantic image information.
A high local anisotropy and consistent orientation field, for example, can be indicative
of an intact tissue with well-ordered cardiomyocyte chains. For all samples, eigen-
vectors and eigenvalues were computed for all sampling points in the reconstructed
volume. This information then includes the orientation (quasi-)vector as defined by
the smallest eigenvector, as well as the shape measures for all points. As a word of
caution, however, one has to keep in mind that these properties also depend on tissue
preservation and preparations, aswell as on themeasurement and reconstruction. For
this reason, the latter has to be carried out using identical workflows and parameters
for all samples.

Figure 4.8 shows the results of the structure tensor analysis for all samples recon-
structed fromLJ scans. In Fig. 4.8A themean values of the shapemeasures (µl, µp, µs)

https://doi.org/10.5281/zenodo.5658380
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Fig. 4.8: Clustering of LJ data sets. (A) Ternary diagram of the mean value of the
shape measures for all datasets. The control samples (green) show low Cs values,
while samples from Covid-19 (red), influenza and myocarditis (blue) patients show a
larger variance for Cs. (B) The fitted area of the elliptical fit from the PCA analysis
of the shape measure distribution is an indicator for the variance in tissue structure.
For Control and influenza sample this value differs significantly from the Covid-19
tissue. (C) The eccentricity of the fit is indicates if the structural distribution in shape
measure space has a preferred direction along any axis. The value of the myocarditis
samples is comparable low.
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Table 4.4: Parameters of the cardiac tissue obtained from LJ reconstructions. For all
sample groups the mean value and standard deviation of the mean shape measures
µl, µp, µs area of the elliptical fit Aη (%) and the eccentricity e is shown.

group µl µp µs Aη (%) e

Control 0.60 ± 0.11 0.18 ± 0.07 0.22± 0.06 11.98 ± 6.42 0.61 ± 0.13
Covid-19 0.44 ±0.12 0.23 ±0.03 0.32 ±0.11 16.92 ± 2.91 0.61 ± 0.09
Myocarditis 0.47 ±0.14 0.21 ± 0.02 0.33 ±0.13 16.69 ± 5.06 0.51 ± 0.12
Influenza 0.49 ±0.11 0.16 ±0.02 0.35 ±0.12 13.44 ± 1.31 0.63 ± 0.07

for all datasets are plotted in a shape-measure diagram, constructed as for ternarymix-
tures. Sample groups are indicated by color: control-green, Covid-19-red, myocarditis-
blue and influenza-yellow. Already in this plot, differences between the groups can be
identified. Compared to the Ctr, the pathological groups are shifted towards lowerCl,
indicating a less-pronounced fiber-like structure, and to higher Cs, reflecting a larger
amount of isotropic symmetry. The Cov, Inf and Myo groups differ mainly in the Cp

coefficient. From Inf, to Myo and Cov, the point clouds of each group exhibit succes-
sive shifts towards increased Cp. However, these differences in µ are quite small, and
it is not possible to classify samples only based on the average value of the shape mea-
sure. Instead, the distribution of real-space sampling points in each sample should
be taken into account. Figure 4.8B and C show the area Aη and the eccentricity e,
respectively, of the ellipse formed by the PCA eigenvectors u1,u2, for each sample,
color-coded by groups. The corresponding box-whisker plots indicate a significant
difference in Aη between Cov and Ctr (Welch t-test, p = 0.0389) as well as a Cov and
Inf (Welch t-test, p = 0.0403). Concerning e, Cov tissues differs also fromMyo (Welch
t-test, p = 0.0611). Small values ofAη , as obtained for Ctr, indicate a homogeneous tis-
sue structure, while large values are obtained for samples with a more heterogeneous
tissue composition. The parameters for each sample group are tabulated in Tab.4.4.
The large intra-group variance reflects the pronounced variability between individ-
ual subject, which is in line with experience of conventional histology. The complete
summary of all samples individually is given in Appendix Tab.4.6. The results for the
stitched tomographic datasets (PB setup) of Cov and Ctr are also shown in Fig. 4.5.
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Fig. 4.9: Segmentation of the vascular system in cardiac samples. (A) Segmen-
tation of the vessels of a Ctr sample. The vessels arewell oriented and showa relatively
constant diameter. (B) Segmentation of the vessels of a Covid-19 sample. The vessels
show large deviations in diameter and the surface of the vessels is not as smooth as in
the control sample. (C) Filtered minimum projection of an area of the reconstructed
electron density of the Cov sample to highlight a vessel loop marked in blue. (D) Sur-
face rendering of the segmented vessel and vessel graph of in an area of theCov sample.
Scale bars 25 µm. (E) Comparison of node degreen between control andCovid-19. Ra-
tio refers to the number of graph branch points (n > 2) divided by the number of end
points (n= 1). (F) Exemplary scanning electronmicroscopy image of amicrovascular
corrosion casting from a Covid-19 sample. The black arrows mark the occurrence of
some tiny holes indicating intraluminar pillars with a diameter of 2–5 µm, indicating
intussusceptive angiogenesis. Magnification 800x, scale bar 20 µm.
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4.2.4 Characterization of the vascular system

Figure 4.9 reports on the segmentation and analysis of the vasculature. A surface ren-
dering of the segmented vessels is shown in the top row, on the left for a Ctr sample
(Ctr-III) and on the right for a Cov sample (Cov-IV). In Ctr, the vessels are well ori-
ented and show a relatively constant diameter and a smooth surface. In Cov, the ves-
sels show large deviations in diameter and the surface of the vessels is not as smooth
as in Ctr. Furthermore, closed loops within the microvasculature can be identified.
In Fig. 4.9C, one of these vessel loops (marked with a blue line) in the Cov dataset is
highlighted by a minimum intensity projection over ±30 slices around the centered
slice. This pathological formation of a loop is indicative for an intermediate state in
the process of IA. The corresponding vessel segmentation is depicted in Fig. 4.9D,
with a simplified vessel graph superimposed as black lines. Based on the simplified
vessel graph, the connectivity of the capillaries can further be quantified. In total
19893 nodes and for the Cov sample graph 8068 nodes in the segmentation of the Ctr
were used. Figure 4.9E shows the probability density function (PDF) of the degree
of connectivity n for control and Covid-19 samples. It indicates a higher amount of
branching points in the Covid-19 sample. This is also confirmed by the ratio of end-
points of vessels (n = 1) to the branching points (n ≥ 3). Note, that the amount of
nodes with n > 3 is almost negligible. While the Ctr data shows approximately the
same number of endpoints and branching points, the Cov segmentation show almost
a ratio of 1:1.5, indicating a higher degree of cross-linking or loop formation of the
capillary network.
An exemplary scanning electronmicrographof aCovid-19 sample is shown inFig. 4.9F.
IA was identified via the occurrence of tiny holes with a diameter of 2-5µm in SEM
of microvascular corrosion casts. Capillaries display the presence of characteristic in-
tussusceptive pillars (marked by black arrows).

4.3 Summary, conclusion and outlook

This is the first report of a comprehensive 3d analysis of cardiac involvement in tissue
of Covid-19, influenza and coxsackie virus infections usingX-ray phase-contrast tomo-
graphy of human FFPE heart tissue. In summary, a high amount of distinct caliber
changes of blood filled capillaries in samples of Covid-19 (Cov) patients was identified
compared to the control group (Ctr) as well as to coxsackie virus myocarditis (Myo)
and influenza (Inv). This can readily be explained by a much higher prevalence of
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micro-thrombi in Cov compared to other viral pneumoniae (e.g. influenza), as has
previously been reported in Covid-19 lungs. Most importantly, high resolution syn-
chrotron data revealed distinct alterations of the vasculature, with larger variation
in vessels diameters, intravascular pillars and amount of small holes, indicative for
IA. Branching points of vessels were quantified based on graph representations, af-
ter segmentation of vessels based on deep learning. For this purpose, a network for
3d datasets (V-net) was trained with sparse annotations. In Cov, the vasculature also
showed a higher degree of branching. Further, SEM data showed a high amount of
holes in the capillaries, indicating the presence of multiple intussusceptive pillars as
a first stage of IA. The presence of intraluminar pillars was also confirmed by the high
resolution reconstruction obtained fromWG acquisitions. Accordingly, we could -for
the first time– visualize the presence of IA via X-ray phase-contrast tomography not
only in the heart but also for the first time in FFPE-tissue. Thus, IA is also a hallmark
of Covid-19 inflammation in the heart, analogous to pulmonary previously reported
for lung [169]. This finding is in line with the concept of Covid-19 as a systemic and
multi-organ angiocentric entity.

The reconstructed electron density of the Cov sample group also showed that con-
cordant with the edema found in conventional histopathology assessment, the car-
diomyocytes are not as densely packed as in the control (Ctr) group, leading to larger
paraffin inclusions between the cells. Pathological alterations of the tissue architec-
ture were further quantified in terms of non-semantic shape measures, derived from
grey value differential operators, using the structure tensor approach. Since the shape
measures not only depend on the tissue structure but also on the data acquisition and
reconstruction parameters, the entire data acquisition and workflow was optimized
and then kept constant for the entire sample series, covering the different pathologies
(Cov, Inf, Myo) and control (Ctr) group samples. Importantly, this was already pos-
sible at a home-built compact laboratory µCT, based on a liquid metal jet source and
optimized phase retrieval, which is important for future translation and dissemina-
tion of the methodology developed here. Fully automated PCA analysis then yielded
the eigenvectors of the structure tensor at each sampling point of the reconstruction
volume, and for each sample. The corresponding distributions showed significant
difference in architecture between Cov from all other groups Inf, Myo or Ctr groups,
and these differences could be interpreted again by inspection of the reconstruction
volumes, i.e. reflecting for example tissue compactness, orientation of the cardiomy-
ocytes and the degree of anisotropy.

Compared to related studies[172], which focused on the analysis of entire human or-



120 3D virtual histopathology of cardiac tissue from Covid-19 patients

gans, we investigated the cardiac structure from the scale of 3.5 mm biopsy punches
down to a resolution showing subcellular and supramolecular structures such as my-
ofibrils and intussusceptive pillars.

Future improvements in segmentation and quantification will be required to fully ex-
ploit the structural data acquired here, or in similar studies. To this end, augmented
image processing algorithms, deep learning, classification for example based on op-
timal transport, and the consolidation of the above in form of specialized software
packages has to be considered. Technical improvements towards higher resolution
and throughput can also be foreseen. Already at present, parallel beam synchrotron
data acquisition (GINIX endstation, P10 beamline of PETRA III/DESY) completes a
biopsy punch tomogram within 1.5min, at a a pixel size of 650 nm, and a volume
throughput of 107 µm3

s . Importantly, the image resolution and quality is sufficient to
segment vasculature and cytoarchitectural features of interest, also and especially for
standard unstained paraffin-embedded tissue used in routine diagnostics. The data
acquisition rate and dwell time in the range of 10–20ms (per projection) is dictated
by detector readout, motor synchronisation, and data flow rather than by photon flux
density for the PB setup. This is also underlined by the fact that (single-crystal) at-
tenuators had to be used to prevent detector saturation. The situation is entirely dif-
ferent, however, for the waveguide cone beam setup, where the lower waveguide exit
flux density, which comes with the significantly higher coherence and resolution, re-
quires acquisition times of 200–2500ms. Here, the projected source upgrade foreseen
for PETRA IV will provide a significant gain in resolution and throughput. Robotic
sample exchange will therefore be required, and a serious upscaling of the data man-
agement and online reconstruction pipeline. First reconstructions of heart biopsies
exploiting the enhanced coherence and resolution of a waveguide holo-tomography
setup already indicate that this is a very promising direction.
With our presented workflow, especially in view of the laboratory system, we have
for the first time implemented destruction free analysis of the ubiquitous FFPE em-
bedded tissue readily available in every pathology lab around the world, based on an
automated structure tensor and shape measures. This represents a first and major
step in unlocking the extensive international FFPE archives for sub-light-microscope
resolution destruction-free 3d-tissue analysis, unfoldingmanifold future research pos-
sibilities in human diseases far beyond Covid-19. This approach has been successfully
used to classify the distinct changes in the myocardial cytoarchitecture induced by
Covid-19. More importantly still, we have provided first proof for the suspected pres-
ence of IA in cardiac Covid-19 involvement, putting forward morphological evidence



4.3 Summary, conclusion and outlook 121

of a so far imprecisely defined clinical entirety of great importance.
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Supplementary Information: Medical Background &
Datasets

Medical Information

sample no. age, sex hospitalization (days), clinical, radiologi-
cal and histological characteristics

Cov-I 86,M 5d, RF, D, H, I
Cov-II 96,M 3d, RF, H
Cov-III 78,M 3d, CRF, V, D, S, H
Cov-IV 66,M 9d, RF, V, S, H
Cov-V 74,M 3d, RF, D, S, H
Cov-VI 81,F 4d, RF, S, H
Cov-VII 71,M 0d, V
Cov-VIII 88,M 2d, V, H, I
Cov-IX 85,M 5d, V, S, H
Cov-X 58,M 7d, V, H
Cov-XI 54,M 15d, V

Ctr-I to Ctr-III 26, F -
Ctr-IV to Ctr-VI 36, F -

Myo-I 57,M V, H
Myo-II 23,M
Myo-III 59,M S, H, D
Myo-IV 50,M V, S, D
Myo-V 25,F

Inf-I 74,M 9d, CRF into MOF, V, S, H
Inf-II 66,F 17d, MOF, V, H
Inf-III 56,M 3d, CRF into MOF, V
Inf-IV 55,M 24d, RF into MOF, V, S

Table 4.5: Sample and medical information. Age and sex, clinical presentation with
hospitalization and treatment. RF:respiratory failure, CRF: cardiorespiratory failure,
MOF: multi-organ failure, V: ventilation, S: Smoker, D: Diabetes TypeII, H: Hyperten-
sion, I: imunsupression
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Structural analysis

sample mean (Cl,Cp, Cs) fitted area eccentricity
Ctr-I (0.6508 , 0.1069 , 0.2423 ) 7.3194 0.5607
Ctr-II ( 0.5167 , 0.1907 , 0.2926 ) 11.5130 0.5736
Ctr-III ( 0.5074 , 0.2427 , 0.2499) 23.7443 0.4128
Ctr-IV ( 0.7434 , 0.1166 , 0.1400 ) 5.9026 0.6757
Ctr-V ( 0.7038 , 0.1495 , 0.1467 ) 9.5763 0.7896
Ctr-VI ( 0.4765 , 0.2835 , 0.2400 ) 13.7973 0.6688
mean (0.60± 0.11, 0.18± 0.07, 0.22± 0.06) 11.98 ± 6.42 0.61 ± 0.13

Cov-I ( 0.5398 , 0.2327 , 0.2275) 12.7052 0.6696
Cov-II ( 0.4676 , 0.2550 , 0.2774 ) 17.0347 0.6059
Cov-III ( 0.5896 , 0.2526 , 0.1578) 11.8845 0.7399
Cov-IV ( 0.5911 , 0.1833 , 0.2255 ) 16.3040 0.6765
Cov-V ( 0.3371 , 0.2505 , 0.4124) 16.3445 0.4081
Cov-VI ( 0.5184 , 0.2279 , 0.2537) 19.1954 0.6044
Cov-VII (0.3912 , 0.2262 , 0.3826) 19.8206 0.6530
Cov-VIII ( 0.5227 , 0.1776 , 0.2997) 15.0791 0.6033
Cov-IV (0.3253 , 0.2851 , 0.3897 ) 20.5768 0.5329
Cov-X (0.3283 , 0.2446 , 0.4271 ) 16.9989 0.6266
Cov-XI ( 0.2484 , 0.2314 , 0.5202 ) 20.1815 0.5407
mean ( 0.44± 0.12, 0.23± 0.03, 0.32± 0.11 ) 16.92 ± 2.91 0.61 ± 0.09

Myo-I (0.5777 , 0.2018 , 0.2206 ) 9.5528 0.4656
Myo-II (0.3887 , 0.1943 , 0.4170 ) 13.7853 0.4899
Myo-III ( 0.5984 , 0.2081 , 0.1935 ) 22.4768 0.6202
Myo-IV ( 0.4974 , 0.1908 , 0.3117 ) 18.3306 0.6149
Myo-V (0.2664 , 0.2402 , 0.4933 ) 19.3212 0.3689
mean (0.27± 0.14, 0.24± 0.02, 0.49± 0.13) 16.69 ± 5.06 0.51 ± 0.12

Inf-I (0.3561 , 0.1714 , 0.4724 ) 14.9393 0.6808
Inf-II ( 0.4423 , 0.1376 , 0.4201 ) 11.7445 0.5991
Inf-III ( 0.6150 , 0.1361 , 0.2489 ) 13.5988 0.7198
Inf-IV ( 0.5404 , 0.1849 , 0.2747 ) 13.4885 0.5561
mean (0.49± 0.11, 0.16± 0.02, 0.35± 0.11) 13.44 ± 1.31 0.63 ± 0.07

Table 4.6: Parameters of the cardiac tissue (laboratory data).
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Datasets

The tomographic datasets recorded at the WG setup as well as the PB datasets used
for the segmentation of the vascular system were uploaded to
https://doi.org/10.5281/zenodo.5658380.
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Abstract

We present a multi-scale imaging approach to characterize the structure of isolated
adult murine cardiomyocytes based on a combination of full-field three-dimensional
(3d) coherent x-ray imaging and scanning x-ray diffraction. Using thesemodalities, we
probe the structure from the molecular to the cellular scale. Holographic projection
images on freeze-dried cells have been recorded using highly coherent and divergent
x-ray waveguide radiation. Phase retrieval and tomographic reconstruction then yield
the 3d electron density distribution with a voxel size below 50 nm. In the reconstruc-
tion volume, myofibrils, sarcomeric organisation and mitochondria can be visualized
and quantified within a single cell without sectioning. Next, we use micro-focusing
optics by compound refractive lenses to probe the diffraction signal of the acto-myosin
lattice. Comparison between recordings of chemically fixed and untreated, living cells
indicate that the characteristic lattice distances shrink by approximately 10% upon fix-
ation.

Significance

Diffraction with synchrotron radiation has played an important role to decipher the
molecular structure underlying force generation in muscle. In this work, the diffrac-
tion signal of the actomyosin contractile unit has for the first time been recorded from

https://doi.org/10.1016/j.bpj.2020.08.019 
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living cardiomyocytes, bringing muscle diffraction to the scale of single cells. In addi-
tion to scanning diffraction, we use coherent optics at the same synchrotron endsta-
tion to perform holographic imaging and tomography on a single cardiomyocyte. By
this hard x-ray microscopy modality, we extend the length scales covered by scanning
diffraction and reconstruct the electron density of an entire freeze-dried cardiomy-
ocyte, visualizing the 3d architecture ofmyofibrils, sarcomers, andmitochondria with
a voxel size below 50 nm.

5.1 Introduction

Force generation in heart muscle relies on a hierarchically ordered structural organi-
zation, reaching from the actomyosin assembly in the sarcomere to the entire struc-
tural organization of cardiomyocytes (CMs). The latter includes, for example, the
dense packing of myofibrils, the high number of mitochondria, and the structural
and dynamical properties underlying excitability. Classical x-ray diffraction studies
of skeletal [301] and heart muscle [302] have helped to shape our understanding of
the average structure of the sarcomere. In contrast to electron microscopy, muscle
structure analysis by x-ray diffraction is compatible with in situ mechanical loading,
physiological parameters, and simultaneous measurements of the contractile force.
Many molecular details of the myosin head dynamics, binding, and stroke have been
revealed by third generation synchrotron radiation [220, 303–305]. In these experi-
ments, however, structural information is averaged over macroscopically large vol-
umes of the muscle tissue, without sensitivity to the cellular organization, or cell-to-
cell variations. Electron microscopy, on the other hand can unravel the molecular
and sub-cellular organization of myocytes [306, 307], but requires invasive staining
and sectioning, while confocal fluorescence microscopy is compatible with in vivo
recordings of contracting cells [308], but lacks the resolution for the molecular scale
and also contrast for unlabeled structure.

With recent progress in x-ray focusing optics, as reviewed in [223], it has become pos-
sible to perform diffraction experiments with spot sizes in the micron and nanome-
ter range. This enables recordings of the small-angle x-ray scattering (SAXS) while
scanning the sample in real space, as initially introduced for biomaterials [309, 310],
more recently also for soft matter [311], as well as for 3d vector SAXS [312]. Scanning
diffraction from biological cells with spot sizes smaller than a single organelle are
still more challenging in terms of signal-to-noise [229–231, 236, 313, 314], as well as
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radiation damage [315]. Recently, we have used this approach to study the cytoskele-
tal structure of single CMs in order to compare the signal level for different prepa-
ration states [226]. For freeze-dried heart muscle cells [233, 236], we have observed
anisotropic diffraction patterns, and by correlating the x-ray signal to fluorescence
data obtained by in situ stimulated emission depletion (STED)microscopy recordings,
we have linked the signal to the actin portion of the cell [234]. A diffraction signature
of a sarcomeric complex was observed for the first time for hydrated and chemically
fixed cardiomyocytes [226]. Hence, by this technique, variations of structural parame-
ters in single isolated cells or inmuscle tissue have now become accessible, unaffected
by macroscopic averaging. However, it cannot be expected that the signal level and
amount of structural details can compete with macroscopic muscle diffraction.

Regarding sub-cellular and cellular organization, a second line of development, not
in x-ray diffraction but in coherent imaging with hard x-rays has also matured [118,
148, 316, 317], providing 3d electron density maps for unstained cells, reconstructed
either by coherent diffractive imaging [318], ptychography [314, 319, 320], or by x-
ray holography [140, 147, 244, 258]. While the resolution is still lower than in x-ray
microscopy with Fresnel zone plate lenses [321], the size of adult CMs is too large to
be penetrated by soft x-rays in the water window.

In this work, we now combine full-field 3d imaging of the electron density by holo-
graphic x-ray tomography (holo-tomography) and scanning x-ray diffraction to study
the structure of isolated murine adult CMs on the molecular and cellular scale. As
illustrated in Fig. 5.1, this multi-modal x-ray approach has been implemented at the
same synchrotron endstation, where both modalities can be realized by a simple rear-
rangement of its modular compound optics [196]. The purpose of the current work
is threefold. First, this study is a benchmark of current x-ray method development
geared towards cellular biophysics and cell biology. Second, it can contribute to com-
putational modeling of the contractile functions of CMs. Third, it illustrates the ca-
pability and limitations how x-ray imaging methods can contribute to future multi-
modal correlative imaging approaches. Such efforts will most certainly comprise visi-
ble light, electron microscopy and fluorescence microscopy, and hopefully also cover
structural dynamics. To this end, the ’x-ray contrast’ offering quantitative electron
density as well as actomyosin lattice parameters without slicing or staining, will be
complementary to the other more established microscopy methods. The following
achievements highlight the progress that has beenmadewith respect to priorwork: (i)
The first demonstration of diffraction analysis for (initially) living cells, which shows
a proper exploitable acto-myosin signal. (ii) The demonstration how the actomyosin
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lattice spacing changes when the CMs are chemically fixed. (iii) The first 3d electron
density reconstruction by phase contrast x-ray tomography, albeit at this time only for
a freeze-dried cell.

Beyond the technical focus, this work also reports structural insight regarding adult
cardiomyocytes. Specifically, we can quantifying the distribution of the acto-myosin
lattice spacing within a single adult cardiomyocyte. We also show that fixation which
is ubiquitous in cellular biophysics and cellular biology, results in shrinkage of the
acto-myosin lattice. Finally, regarding tomography, we provide data on the 3d dis-
tribution of mitochondria in the cell which is valuable information to model energy
supply.

The manuscript is organized as follows. Following this introduction, we describe
methods of sample preparation, instrumentation, optics, reconstruction, and analy-
sis. We then present the holo-tomography results for single CMs, followed by the x-
ray micro-diffraction results for living CMs, before closing with a brief summary and
outlook.

5.2 Materials and methods

5.2.1 Preparation of CMs for x-ray analysis

The workflow of the sample preparation is sketched in Fig. 5.1a. After the dissoci-
ation of the hearts, single CMs were prepared for the x-ray analysis. The structure
of CMs, as sketched in Fig. 5.1c, was analyzed using the two modalities of the beam
line setup. For the investigation of sub-cellular structures such as the nucleus and
mitochondria, full-field holographic x-ray tomography was used, while the molecu-
lar actomyosin structure (sketched in the magnification of Fig. 5.1c) was probed by
scanning x-ray diffraction. For diffraction measurements, the CMs were mounted in
liquid chambers, whereas for tomographic scans the cells were either freeze dried or
embedded in agararose to increase stability. A detailed description of the preparation
steps is given below.

Isolation of cardiomyocytes The isolation of adult CMs followed the procedure
described in [322]. Before sacrifice, the wild type mice (C57BL/6) were anesthetized
with isoflurane. The hearts were explanted and put in an ice-cold tyrode-solution to
wash out remaining blood. After this, a canula was put in the aorta and the heart
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Fig. 5.1: (a) Sample preparation. CMs were isolated by dissociation of healthymouse
hearts. One part (top row) of the cells was chemically fixed, mounted on a silicon ni-
tride window and actin was stained with a fluorescent dye (Atto633-Ph). Afterwards,
the samples were plunge frozen and freeze dried. For experiments in hydrated con-
ditions (middle rows), the cells were either analyzed in buffer solution or chemically
fixed. They were placed in liquid chambers made of SiN (chemically fixed cells) or
polypropylene windows (living cells). For tomography, fixed cells were mixed and
embedded in agarose and mounted in a polyimide tube with a diameter of 1 mm (bot-
tom row). (b) Microscopy image of freshly isolated CMs. Healthy, contracting cells
and apoptotic cells can be identified. (c) Schematic overview of the cellular structures
of a CM. The nucleus, mitochondria andmyofibrils are sketched. The red circlemarks
a sarcomeric unit which ismagnified in the scheme on the right. A cross section of the
sarcomere and the definition of the sarcomeric lattice spacing is shown below. (d) Ex-
perimental setup for x-ray phase contrast tomography at the GINIX endstation of the
P10 beamline at the PETRAIII storage ring (DESY, Hamburg, Germany). The x-ray
beam is focused by a pair of Kirkpatrick-Baez (KB)-mirrors and coupled into a waveg-
uide channel for further reduction of the beam size and for coherence filtering. The
sample is placed on a fully motorized tomography stage at distance x01 ≈ 0.35m and
the detector is placed at x12 ≈ 5mbehind the sample. The resulting cone beam geom-
etry of the highly coherent wavefront is used to acquire projections at high geometric
magnificationM ≫ 1 and low Fresnel number F ≪ 1. (e) The same endstation can
also be used for scanning diffraction experiments. In this mode, the beam is focused
by CRLs and the sample is moved into the focus. Diffraction patterns are acquired by
an EIGER 4M detector at distance x02 ≈ 5m. The primary beam is blocked by beam
stops to protect the detector.
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was washed with the tyrode solution. The hearts with the canula was put into a
Langendorff perfusion system containing a liberase solution which was pre-heated
to 36.5◦ C. The hearts were perfused by this solution, starting the digestion of the
heart tissue. After 5 minutes, the hearts were transferred to a Petri dish, also contain-
ing the enzyme-solution. The hearts were cut into smaller pieces and resuspended
in the same medium using a 10ml pipette with a cut off tip. The resuspended cells
were mixed with a stop solution (containing bovine calf serum (BCS) and CaCl2) in a
Falcon tube. The remaining tissue sinks to the bottom, the supernatant is transferred
to another falcon tube and the cells sediment and form pellets. Afterwards, the cells
were washed twice with tyrode-solution. Directly after the isolation, the extracted
cells were observed in the microscope. The success of the isolation was evaluated by
the vitality of the cells. Figure 5.1b shows a microscopy image of freshly extracted
CMs. The healthy, contracting cells can be distinguished from apoptotic cells. Only
isolations with a vitality rate above 50% were used for further analysis.

Preparation of CMs for diffraction For the diffraction experiments, the isolated
CMs were transferred to liquid sample chambers, see middle row of Fig. 5.1a. Part of
the cells were chemically fixed right after the extraction. Karlsson-Schultz (KS) fixa-
tion solution [323] containing 4% formaldehyde and 2.5% glutaraldehyde was used as
a fixative. The cells were incubated in the solution for 15 minutes and stored in PBS
at 4◦ C for 2 weeks before the experiment started. For the x-ray diffraction measure-
ment a chamber from Silson Ltd. (Warwickshire, United Kingdom) was used. The
chamber consists of two 1µm thick silicon nitride membranes in silicon frames. One
of the frame has a 70µm polymer spacer, keeping the frames apart in order protect
the CMs from squeezing. The cells, with a diameter of approximately 10-25 µm and a
length of 50-100 µm, are carefully sandwiched between the two silicon nitride frames.
To seal the chamber, the silicon nitride frames are placed in a metal frame, which
is sealed with two gaskets and screwed together. The metal frame is then inserted
into a sample holding pin. The investigation of living CMs required a higher effort
in the planning of the experiments. Right after the extraction, the living CMs were
transported from Göttingen to the beamline in a mobile incubator (37◦C). The cells
were stored in tyrode buffer during transport and measurement. At the beamline the
living cells were sandwiched between two polypropylene membranes. To keep the
membranes apart, a gasket of the silson chambers with a thickness of 300µm were
used. The polypropylene membranes were sealed tightly by applying nailpolish to
the edges. The chamber was then inserted into a sample holding pin for the measure-



5.2 Materials and methods 131

ment. Additionally, plunge frozen and freeze-dried CMs mounted on SiN windows
were analyzed. Since this preparation was primarily used for holographic and tomo-
graphic imaging, the procedure is described in the next paragraph.

Preparation of CMs for x-ray holography and tomography For the tomographic
scans, CMs were either coated to SiN windows, plunge frozen and freeze dried (top
row of Fig. 5.1a) or embedded and hydrated in 1% agarose gel (bottom row of Fig. 5.1a)
to increase stability. In order to reduce absorption for the agarose embedded cells and
to allow for a rotation of the sample, the cells were transferred into a capillary using a
1 mm biopsy punch. The protocol of the preparation for freeze-dried samples closely
followed [226, 233, 236]. CMs were pipetted onto SiN-windows coated with a 1% fi-
bronectin coating and incubated for 15 min. Afterwards the cells were chemically
fixed (15 min in 7% formaldehyde). Additionally, the actin skeleton of the CMs was
stained with a fluorescent dye (Atto633-phalloidin, ATTO-TEC GmbH, Siegen, Ger-
many). Plunge freezing of CMs was performed with a grid plunger (Leica EM GP).
Afterwards, the cells were freeze dried. The stained samples were stored in a light-
protected desiccator until the measurements were performed. As an alternative to
freeze-dried preparations which compromise the structural preservation of the ultra-
structure, we also used embedding in a gel to prevent dehydration, while at the same
time increasing positional stability for the tomographic scan. Since the native elec-
tron density contrast in hydrated CMs was found insufficient, contrast enhancement
by staining, namely by 1% OsO4 and phosphotungstic acid (PTA) [241, 324] was used.

Inspection of CMs by STED Before x-ray holography and tomography experi-
ments were performed, the freeze-dried CMs were imaged with a custom build STED
microscope (Abberior Instruments, Göttingen, Germany)[234]. This setup is compat-
ible with the GINIX endstation of the P10 beamline. For the beamtime block of the
current work, however, the STED microscope was only available in ’offline mode’ at
the institute for x-ray physics in Göttingen. It allowed to pre-characterize the freeze-
dried samples before the beamtime. In thisway, cells which did not show any ruptures
from the procedure of plunge freezing and freeze drying were selected for x-ray imag-
ing. First, the cells were analyzed in confocal mode and raster scanned with a step
size of 200 nm in lateral and 400 nm in axial direction. Additionally, one slice was
acquired in STED mode and a step size of 50 nm.
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5.2.2 Synchrotron beamline and instrumentation

The x-ray experiments were carried out at the undulator beamline P10 at Deutsches
Elektronen-Synchrotron (DESY) in Hamburg, Germany, using the GINIX (Göttingen
instrument for nanoscale imagingwith x-rays) endstation [196]. Themodular design of
the GINIX endstation enables rapid switching between the two modalities used here:
holo-tomography based on a Kirkpatrick-Baez (KB) and x-ray waveguide compound
optics [164, 258, 325] and scanning diffraction based on micro-focusing by a Beryl-
lium compound refractive lens (CRL) transfocator system. Both settings are sketched
in Fig. 5.1d. Experimental parameters, concerning the instrumentation and optics,
are tabulated in Tab. 5.1 and described in more detail below.
For x-ray diffraction, the undulator beamwasmonochromatized by a Si(111) channel-
cut crystal to an energy of Eph = 8 keV. The beam was focused by a set of Beryllium
CRLs to a size of 2× 3µm2. The total photon flux was 2.5 · 1010 photons/s. The sam-
ple was placed in the focal plane andmoved by a fully motorized sample stage using a
piezo-motor. To protect the detector, the primary beam was blocked using two beam-
stops. The diffraction signal was recorded by a single photon counting detector with a
pixel size of px = 75µm (Eiger 4M, Dectris, Switzerland) located approximately 5m
behind the sample.
For the holographic and tomographic scans, the photon energy was set to Eph. =

8 keV and 7.5 keV in two subsequent beamtimes. The beam was focused by a set of
Kirkpatrick-Baez (KB) mirrors to a focal spot size with a full width at half maximum
of about FWHMy,z = 300× 300nm2 in horizontal (y) and vertical (z) direction. The
photon flux was I0 ≈ 1.1 · 1011 photons/s. The KB-focused beam was then coupled
into a lithographic x-ray waveguide channel [326, 327], which is placed in the focal
plane. The waveguide serves the purposes of further beam confinement as well as spa-
tial and coherence filtering, providing a clean wavefront for inline holography [258].
At the detector plane a photon flux of I0 ≈ 1.1 · 109 photons/s was detected. The sam-
ple wasmoved by a fully-motorized sample stage to a defocus plane and probed by the
highly coherent exit wave field emanating from the waveguide. Small phase shifts of
the wavefront after interaction with the object transform into a measurable intensity
pattern by free space propagation of the beam and self-interference of the divergent
wave field. The geometrically magnified hologram was recorded by a detector placed
approximately 5m behind the sample. The hologram encodes the local phase shift, or
equivalently the projected electron density distribution of the object. By choice of the
focus-to-sample distance x01, which is typically a few millimeters to centimeters, the
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geometrical magnificationM = x01+x12

x01
with sample-detector distance x12 and the

effective pixel size pxeff = p
M are adjusted, as well as the field of view.

Table 5.1: Beamline specifications of the setups for scanning SAXS and tomography
of the GINIX endstation.

sSAXS tomography
energy (keV) 8 7.5
monochromator Si(111) channel-cut Si(111) channel-cut
detector Eiger 4M sCMOS (15 µmGadox scintillator)
source-to-detector
distance x02 (cm)

507.5 501.14

pixel size px (µm) 75 6.5
focus (horz. × vert.) 2×3 µm2 < 50 nm
I0 (photons/s) 2.5 · 1010 1.1 · 109

5.2.3 Data acquisition and image analysis

Scanning SAXS measurements

For the scanning SAXS experiments, the samples are continuously scanned by a piezo
motor. Positioning of the sample in the focal spot is facilitated by an on-axis micro-
scope. In view of radiation damage a ‘diffract before damage’ strategy is adopted [315]:

1. position a pristine cell or pristine cellular region in the focal spot,
2. record a diffraction pattern with an exposure time, for which the signal is unaf-

fected by structural damage,
3. move to a new cell/spot.

Regarding (2), the critical dose for damage is estimated from a test involving a vari-
ation of accumulation time, or from fractionating the dose over several sub-frames.
This strategy is based on the tested assumption that the signal is stable up to a critical
time depending on dose, dose-rate and resolution. This is the case for a pristine spot.
Since previous exposures of neighboring scan points can induce a ’bystander effect’,
the step size is a further important parameter and has to be chosen sufficiently large
[315]. Therefore, this scheme results in rather coarse-grained real space maps of the
cells. Tab. 5.2 presents the data acquisition parameters for the three different sam-
ple preparations. Data analysis was performed using the MATLAB nanodiffraction
toolbox developed in our institute [227].
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Table 5.2: Data acquisition parameters of the SAXS experiments.
living fixed freeze-dried

fixative - KS formaldehyde
step size (µm) 5 10 2
step size (µm2) 200× 200 180× 180 200× 200
stitching 1 5× 5 1
acquisition time 0.1 s 0.1 s 0.05 s

X-ray holography

As a full field technique, x-ray holography does not require any lateral scanning of
the sample, which makes it ideally suited for tomography. However, before any tomo-
graphic scan, the signal level, i.e. the contrast of the hologram has to be evaluated and
the geometry and detector configuration has to be optimized. An overview of the dif-
ferent configurations of the beamline setup and the sample preparation tested in this
work, is summarized in Tab. 5.3. Since contrast depends on the variations in electron
density, freeze-dried cells result in much higher contrast than cells in solution. For
CM recordings, we compared different detectors. We performed scans with a single-
photon counting pixel detector (Eiger 4M, Dectris Ltd,Baden-Daettwil, Switzerland),
offering highest dose efficiency due to photon counting. However, the large pixel size
px = 75 µm requires the sample to be moved very close to waveguide to reach high
magnification, impeding tomographic rotations at high magnification. We therefore
then turned to indirect detection based scintillator-based fiber-coupled sCMOS detec-
tors. To this end, we used a single crystal scintillator (LuAG, thickness 20 µm)with an
sCMOS (Hamamatsu Photonics K.K., Hamamatsu, Japan) coupled by a 1:1 fiber op-
tic plate, as well as another 1:1 fiber-coupled scintillator-based sCMOS camera (2048
x 2048 pixels, Photonic Science, Sussex, UK) with a custom 15 µm thick Gadox scintil-
lator with pixel size of px = 6.5 µm. This configuration was favored, since the whole
cardiomyocyte fitted into the FOV and at the same time the effective pixel size was
sufficiently small, namely pxeff = 45 nm at M = 143. The sample preparation and
environment was also tested in view of compatibility with holographic tomography
(holo-tomography). As described above, we tested hydrated unstained CMs as well as
CMswith 1%OsO4 or PTA staining embedded in agarose. All cases resulted in a rather
weak signal. For unstained cells embedded in agarose, almost no signal could be de-
tected at the given photon energy. Samplemountingwas another concern. As isolated
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CMs are not attaching to a substrate, one easily encounters drift during scan. For these
reasons, we decided in this work to perform tomography scans only on freeze-dried
CMs mounted on thin foils made from silicon nitride (Silson Ltd.). It is to mention,
that for these experiments the size and shape of the SiN-frames is a compromise be-
tween the caused missing wedge, the tolerable tilt angle and the window’s stability:
Thick and broad frameworks lead to a rather stable window at the cost of a large miss-
ing wedge. Windows with large edge lengths diminish the maximum tolerable tilt
angle of the sample in horizontal and vertical direction due to the small x01 distance
as required for high resolution cone beam recordings. Also the cell density must be
chosen relatively low, otherwise neighboring cells will enter the field-of-view upon
rotation and disturb the reconstruction of the target cell.

Table 5.3: Acquisition parameters of the x-ray holography experiments.
I II III IV

preparation freeze-dried freeze-dried freeze-dried hydrated,
stained

detector Eiger 4M sCMOS
(20µm LuAG)

sCMOS
(15µmGadox)

sCMOS
(15µmGadox)

px (µm) 75 6.5 6.5 6.5
x01 (mm) 20.8 20.8 35 35
x02 (mm) 5413 5413 5011 5011
pxeff (nm) 300 24 45 45
photon
energy (keV)

8 8 7.5 7.5

acquisition
time (s)

10 × 0.1 1 1 1

X-ray tomography

The configuration of the tomography setup as well as the sample preparation was cho-
sen after the evaluation of the 2D holographic data sets. In order to avoid lack of
contrast and motion artifacts, which would influence the quality of reconstructions,
we focused on freeze-dried cells for tomographic recordings. At the same time, the
size of single CMs (typically around 150 µm) prompted us to choose a moderate mag-
nification resulting in a pixel size of pxeff = 45 nm. To perform a proper phase re-
construction, projections were taken for four slightly different propagation distances
(see Tab. 5.4) for each angular position. For each distance, 720 equidistant angular
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positions were recorded over 180◦. At the beginning and the end of the tomographic
recording, a set of 50 empty beam images were recorded in order to characterize the
probing wave front. After the scan, 20 images of the camera dark current were ac-
quired. The acquisition parameters of the experiment are summarized in Tab. 5.4.

Table 5.4: Acquisition parameters of the x-ray tomography experiments.
parameter value
photon energy E (keV) 7.5
source-detector-distance x02 (mm) 5011.4
source-sample-distance x01 (mm) {35, 36, 39, 45}
magnificationM {143, 139, 128, 111}
pixel size px (µm) 6.5
effective pixel size dxeff (nm) {45.40, 46.69, 50.58, 58.37}
number of projections over 180◦ 720
number of empty beam projections 50
number of darks 20
acquisition time (s) 1

Phase retrieval and tomographic reconstruction

The phase and amplitude of the exit wave is reconstructed from the recorded holo-
grams by phase retrieval, either based on iterative projection algorithms or in some
cases direct Fourier-filtering, which enables to obtain a phase or projected electron
density map of the cell. Note, that for a biological cell at the given photon energy,
absorption can be neglected, and the cell can essentially be regarded as a pure phase
object. In this study a nonlinear approach of the contrast transfer function (CTF) was
used for phase retrieval [149, 257]. The phase distribution in the object plane ϕ(r⊥)
retrieved by the linear form of the CTF is given by

ϕ(r⊥) = F−1

[∑
N (sin(χ) + β

δ cos(χ)) · F
[
I(exp,N)(r⊥)− 1

]∑
N 2(sin(χ) + β

δ cos(χ))2 + α(k⊥)

]
,

with natural units χ =
λxk2

x

4π for the (squared) spatial frequencies, measured intensi-
ties in the detector plane I(exp)(r⊥), βδ ratio of imaginary and real part of the refractive
index n, N indicated the index of the respective distance and a frequency-dependent
regularization parameter α(k⊥) (lim1 for high and lim2 for low spatial frequencies).
The nonlinear approach uses the solution of the CTF as input for an iterative phase
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Table 5.5: Phase retrieval parameters for the nonlinear Tikhonov approach of theCTF
for the x-ray tomography experiments.

parameter value
maximum phase shift 0
β/δ-ratio 1/40
lim1 0.09
lim2 0

retrieval based on a minimization of the Tikhonov functional [149]. Thus, the accu-
racy of the reconstructed phase is not less than the results of the CTF. The parameters
of the phase retrieval are given in Tab. 5.5.

Before tomographic reconstruction, an alignment of the single projections based on
the linogram was performed to correct for a vertical movement of the sample. A ring
removal was not necessary since artifacts from oversensitive pixels were reduced from
the previous shifting based in the alignment of the linogram. For tomographic recon-
struction the ASTRA toolbox was used [248, 262]. Projections in the range where the
frame of the SiN window enters the FOV were excluded.
After tomographic reconstruction, the local electron density can be computed from
the phase shift induced by each voxel length v as

ρe(r) =
φv(r)
vλ · r0

,

with wavelength λ and r0 the classical electron radius.

Dose calculation

The dose was calculated using [328, 329]

D =
I0τEph

lρ∆x∆y
,

with the total photon flux I0, the exposure time τ , the energy Eph and the size of the
illuminated area∆x∆y as listed in Tab. 5.1. Cellular samples are commonly described
by H50C30N9O10S. For the used experimental parameters this yields a mass density
ρ = 1.35 g

cm3 and amass attenuation length l = 7.46·10−4m [328, 329]. The choice of
image acquisition parameters for diffraction experiments was guided by our previous
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investigation and simulation of radiation damage [315]. The average dose per shot
in the diffraction experiments was D = 5.3 · 105 Gy. For the holo-tomography, the
total dose for a tomography scan with 720 projections an acquisition time of 1 second
was estimated toD = 1.1 · 105 Gy, where the illuminated area∆x∆y is given by the
effective area (FOV) covered by the detector. This shows that the dose of a complete
tomographic scan is still lower than a single shot of the diffraction measurements.

5.3 Results and discussion

2D holography of isolated CMs

Figure 5.2 shows single projections for different sample preparations, detectors and
magnifications, which were acquired to test contrast and stability imaging conditions.
Table 5.3 summarizes the parameters tested for the different sample preparations and
beamline configurations. Additionally, an intensity profile highlights the interference
fringes originating from phase effects caused by the interface of the cell and the sur-
rounding medium is marked by the red lines in the image. Noise was reduced by
averaging the intensities from pixels perpendicular to the lines corresponding to a
linewidth of 1 µm. The fringes originating from changes in electron density indicate
the holographic nature of image formation, and contain structural information. In
Fig. 5.2a a projection of a freeze-dried CM recorded with a single photon counting
detector (Eiger 4M) at an effective pixel size of pxeff = 300 nm is shown. In this pro-
jection the interface between cell and surrounding air dominates the contrast. Besides
that, the position of the nucleus can be determined and the signal of the sarcomeric
structure starts to appear. For this configuration, the field of view (FOV) is not limited
by the detector size (FOV = pxeff ·Npixel) but by the illuminated area of the waveguide.
Only 351× 351 pixels of the detector are shown in the image. In order to go to higher
magnifications, the sample-detector distance has to be increased. Since the detector
distance cannot exceed the length of the experimental hutch, the sample has to be
moved closer to the wave guide. This would be possible for 2d holographic measure-
ments, but since it is the goal to image the 3d structure and therefore the sample has
to be rotated, the minimal source-to-sample x01 distance is limited by the size of the
SiN frame on which the CMs are mounted.

Figure 5.2b shows a projection of the same cell acquired with a fiber coupled sCMOS
Camera (LuAG) at an effective pixel size of pxeff = 24 nm. In this case the entire
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Fig. 5.2: Exemplary projections of the 2D holography measurements. To optimize
the imaging conditions, different detectors, magnifications and sample preparations
were tested. The red lines mark the area of the intensity profiles shown below each
projection. (a) Projection of a freeze-driedCMusing a single photon counting detector
(Eiger 4M) resulting in an effective pixel size of pxeff = 300 nm. (b) Projection of the
sameCMusing a fiber coupled sCMOSCamera (20 µmLuAG)with pxeff = 24 nm. (c)
Projection of a freeze-dried CM at an effective pixel size of pxeff = 45 nm (15 µm Ga-
dox) (d) Projection of a CM stainedwith 1%OsO4 , embedded in agarose andmounted
in a polyimide tube with a diameter of 1 mm.
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detector is illuminated and smaller effective pixel sizes can be achieved. The signal
from the cellular membrane and also sarcomeric structure is much stronger than in
the projection at lower effective pixel size. The fringes around the CMare very clear as
also indicated by the profile shown below the projection. At this high magnification
only a part of the cell can be imaged due to the relatively small FOV. Further, thermal
drift of the sample and vibrations of the setup in the range of a fewmanometers led to
artifacts in the tomographic reconstruction. Fig. 5.2c shows a projection of a freeze-
dried CM was acquired at moderate effective pixel size of 45 nm using the sCMOS
camera with a 15 µm Gadox scintillator. In this case an entire CM could be imaged
within a single projection and the signal emerging from the cell-air interface as well
as from the sarcomeric structure can be identified. Since the goal is to image an entire
CM we decided to use this beamline configuration for the x-ray tomography.

In a next step, the CM in hydrated condition were investigated. Figure 5.2d shows
a projection of a CM stained with 1% OsO4, embedded in agarose and mounted in
a polyimide tube with a diameter of 1 mm. The image was acquired with the same
beamline configuration as for the freeze-dried cell shown in Fig. 5.2c. In this case, the
signal from the cell is very weak. Note that the quality of the signal is also diminished
by the strong absorption from the agarose in the 1 mm tube. In view of the above,
tomographic scans were recorded for the freeze-dried sample with the sCMOS (15
µmGadox) camera at an effective pixel size of 45 nm.

5.3.1 3D structure of a single cardiomyocyte

The 3D structure of the cardiomyocytewas reconstructed by propagation-based phase-
contrast tomography in the holographic regime. Figure 5.3 shows the results of the
3D cellular structure. For all projections phase retrieval was performed by the nonlin-
ear Tikhonov approach of the CTF as explained above. An example for a projection
and the corresponding reconstruction by phase retrieval is shown in Fig. 5.3a. The
sarcomeric structure is clearly visible. The brighter stripes with a lower phase shift,
perpendicular to the orientation of the cell correspond to cellular structures with a
lower electron density and probably indicate the M-line of the sarcomere. Based on
the phase retrieved projections, tomographic reconstruction was performed. Figure
5.3b shows a volume rendering of the entire CM. The total volume of the cell was
determined to about 16200 µm3. A slice of the reconstructed 3d electron density is
shown in Fig. 5.3c. Sub-cellular structures of the CM are resolved. In the case of this
cell, we have two nuclei instead of just one nucleus, seewhite arrows in Fig. 5.3c. Both
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Fig. 5.3: Phase retrieval and reconstruction. For each of the 720 angular positions,
phase retrieval was performed based on the projections acquired at different Fresnel
numbers. An exemplary projection and the corresponding phase retrieval is shown
in (a). The 3d structure was reconstructed by the inverse radon transform. A volume
rendering of the CM is shown in (b). A 2d slice though the reconstructed volume
is shown in (c). While arrows indicate nuclei. Sub-cellular structures such as the nu-
clei, mitochondria andmyofibrils can be identified. Further, the fluorescently labeled
actin skeleton of the same cell was imaged by a confocal scan. Amaximum projection
of the microscopy stack is shown in (d).
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are located in the center of the cell. Further, the myofibrils and the sarcomeric struc-
ture can be identified. Between the elongated myofibrils small dense organelles with
a diameter of roughly 500 nm are visible. As justified further below, these structures
can be attributed to mitochondria, which are known to be abundant in CMs, provid-
ing the required energy for force generation/contraction. They are arranged in chains
next to themyofibrils. Within the range of one sarcomere themitochondria frequently
appear in pairs of two elongated blobs. Figure 5.3d shows a maximum projection of
the 3d confocal microscopy stack. The actin skeleton was fluorescently labeled and
the orientation and position of the elongated actin structures indicate that fibers of 3d
electron density correspond to the actomyosin filaments (myofibrils) of the CM.

5.3.2 Segmentation of mitochondria

The dense structures observed in the electron density can be attributed to mitochon-
dria for several reasons. First, mitochondria exhibit a high electron density close to
that of a protein crystal [330] and therefore appear as dark structures compared to the
surrounding actomyosin in the reconstruction . Second, they are of elliptical shape
with a diameter in the range of 0.5-1 µm [331]. Third, they are located next to the
elongated myofibrils, as already known from histological observations and 2d elec-
tron microscopy images of healthy cardiomyocytes [332]. Most importantly, apart
from the actomyosin which appears in form of the expected sarcomeric and myofib-
rilar structure in the reconstruction, there is no equally abundant organelle in CMs
which could explain this additional structure.
The segmentation of the mitochondria was performed using a software designed for
the analysis of 3d (fluorescence) microscopy and tomography data sets (Vision 4D,
arivis AG, Munich, Germany). To this end, the 3d volume from the x-ray tomography
analysis was converted to a 8 bit .tif stack and loaded into the program. Using a
’blobfinder’ tool, roundish structures can be identified. For the present data set a
characteristic size of 12 px =̂ 520 nmwas chosen, which fits well to the size of murine
mitochondria. After this stepmore than 45 000 blobs, which could be associated tomi-
tochondria, parts of the sarcomeres, membrane residues and other sub-cellular com-
partments, were tracked. Next, false positive blobs were removed by thresholding the
minimal volume to aminimal voxel count of 500 voxels per detected volume. This vol-
ume corresponds to a perfect sphere with a radius of 5 px (225 nm). Further selection
of the mitochondria was done by a threshold in density. Only blobs containing voxels
with at least 100 electrons/nm3 were included. As a result of this analysis pipeline, 14
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Fig. 5.4: Mitochondria were segmented based on the reconstructed 3d electron den-
sity of the CM. We used an image processing software (Vision 4D, arivis AG, Munich,
Germany) developed for microscopy data. The dense roundish mitochondria were
identified by a ’blob-finder’ algorithm and a threshold in size and density. In (a) one
slice from the tomographic reconstruction is shown. In order to visualize the quality
of the data analysis a magnification of the area marked with a red box and the corre-
sponding segmentation is shown in (b). The segmentation is colorized in a random
color to distinguish neighboring mitochondria. Based on the segmented data from
the entire volume further analysis can be performed. In (c) a histogram of the max-
imal electron density of the segmented mitochondria is shown. (d) Distribution of
the short (blue), medium (green) and long (red) axis of the segmentation. From this
information the diameter and length of an average mitochondrium can be calculated.
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334 blobs matching the size and position of the mitochondria remained, which corre-
sponds to an estimated average density of about 0.88 mitochondria per µm3.
Figure 5.4 shows the results of the segmentation. The mitochondria appear as small
dark spots in the slice of the reconstructed electron density shown in Fig. 5.4a. The red
boxmarks an area for which the quality of the segmentation is shown in Fig. 5.4b. The
segmented mitochondria of this slice are shown in random color, in order to facilitate
to distinguish between neighbors. In the area at the bottom of the slice, two mito-
chondria can be assigned for each sarcomere (from M-line to M-line). Based on this
segmentation of the entire 3d volume, the electron density of all mitochndria was an-
alyzed. A histogram of the extracted electron density is shown in Fig. 5.4c. From this
distribution a mean electron density of freeze-dried mitochondria was determined to
162 el/nm3. Further, the size of the mitochondria can be quantified by the length of
the segmented volumes along its main axis. The short, middle and long side of seg-
mented blobs are shown in Fig. 5.4d. From this distribution, the diameter and length
of the elipsoid-shaped mitochondria can be extracted. The peak in the histogram of
the short axis (blue) corresponds to an diameter of 585 nm, while the long side (red)
has a peak for a length of 1125 nm. For the short side a small increase can also be seen
at about 1200 nm, and also for the medium and long axis an increase in the range of
the double length of the peak can be identified. This increase can be explained by a
pooling of neighboring mitochondria as one selection. Thus, we conclude that the
total number of mitochondria is underrated. The mean volume of a mitochondrium
was determined to 0.23 µm3.The smaller size of the mitochondria may result from a
volume change at the mitochondrial level during the sample preparation. The vol-
ume fraction was determined to about 20% by comparing the sum of mitochondria
volume to the total cell volume. Considering the shrinking of the mitochondrial level
by a factor of approximately 2, these results are consistent with a volume fraction be-
tween 29% and 36% in the literature. Besides analysis of density, size and shape of
mitochondria, this analysis yields the location of the mitochondria in the cell.

5.3.3 Characterization of the actomyosin lattice

The molecular structure of heart tissue cells was analyzed by scanning x-ray diffrac-
tion. Figure 5.5 shows a typical result for scanning diffraction from freeze-dried CMs,
using a microfocus beam. We include this example for comparison with the live
recordings below. As becomes immediately evident, the x-ray darkfield signal is par-
ticularly strong in this case. Furthermore, freeze-dried CMs can be imaged with rel-
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atively high sampling in real space, since less free radicals are produced in the ab-
sence of water/buffer. More importantly, free radicals do not spread by diffusion as
in hydrated environments [315]. In Fig. 5.5a, an optical micrograph of (fluorescently
labeled) freeze-dried CMs taken by the beamline on-axis video microscope (OAV) is
shown. The cells are clearly visible in bright field contrast. Using the live images of
the OAV, the samples were aligned for the x-ray diffraction measurements. An ex-
ample for an x-ray darkfield image from the analysis of freeze-dried cells is shown in
Fig. 5.5b. Pixels with an intensity below 1.5 · 106 counts were masked in white. The
step size was 2µm, the acquisition time 0.05 s. In Fig. 5.5c, an isolated diffraction
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Fig. 5.5: Scanning diffraction from freeze-dried CMs. (a) Micrograph recorded with
the beamline on-axis optical microscope (brightfield). (b) X-ray darkfield image. The
image is formed by integration of all detector counts (outside the beamstop), i.e. the
integrated scattering signal. Pixels with an intensity below 1.5 ·106 counts aremasked
in white. Scale bar: 50µm. (c) Isolated diffraction pattern of a single shot on a freeze-
dried cell (0.05 s accumulation time). (d) Orientation of the acto-myosin fibrils.
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pattern is shown, representing a single shot from the freeze-dried cells. There are no
actomyosin reflections visible in the diffraction pattern, indicating that the structure
of the cells is damaged by freeze drying. The diffraction pattern shows an anisotropy
which makes it nevertheless possible to determine the local actomyosin fibril orien-
tation. The fiber orientation and anisotropy, shown in Fig. 5.5d, is obtained from an
automatized principal component analysis (PCA) in the same way as in [227, 236].
In order to improve the quality of the diffraction data, we turn to recordings of hy-
drated and living cells using a polypropylene chamber. In view of radiation damage,
a ‘diffract before damage’ strategy is adopted [315].
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Fig. 5.6: Signal processing of scanning diffraction data: livingCMs. (a) Photograph of
the sample chamber used for measuring living CMs. (b) Diffraction pattern of a living
muscle cell. The (1,0) and the (1,1) reflection is visible in the pattern. (c) 1d azimuthal
average of the diffraction pattern on the left. The fitted curve was obtained using the
fitting function introduced in Equation 5.3.3. (d) Darkfield map of a cluster of living
cells. Scale bar: 50µm. (e) Orientation of the myosin fibers obtained by performing
a principal component analysis. (f) Position of the (1,0) reflection obtained from the
fitted curves. In (c)-(e) all pixels, with a darkfield intensity below 2 · 104 counts were
masked in white.
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Figure 5.6 illustrates the data collection and processing, which closely followed [226],
but now applied to living cells. We also took into account the constraints of sparse
sampling and reduced dose to collect a signal which is not spoiled by radiation dam-
age [315]. For data analysis, the nanodiffraction-toolbox [227] was used. In Fig. 5.6a
the liquid chamber used for the measurement of living CMs is shown. Figure 5.6b
shows the example of an isolated diffraction pattern recorded by a single shot. The
acquisition time was 0.1 s. In contrast to the freeze-dried CMs, the signal of the liv-
ing CM shows clearly both the (1,0) and the (1,1) reflection in the diffraction pattern.
The cells were raster scanned with a step size of 5 µm, yielding a coarse darkfield
map of the scanned CMs. An example for such a map can be seen in Fig. 5.6d. Note,
that the background in the map is colored in white based on a threshold of minimum
photon counts. Next, each diffraction pattern above this threshold was azimuthally
averaged and a mean background was subtracted to obtain a local SAXS curve. The
model function

I(qr) = Aq−B
r + C exp

((
qr − q(1,0)

σ

)2
)

+D exp

(qr −√
3q(1,0)

σ

)2
+ E

was fitted to this data, where A − E and q(1,0) are fit parameters. While A · q−B
r

describes a monotonous SAXS contribution, the actomyosin reflections are modeled
as Gaussians with amplitudes C and D and positions q(1,0) and q(1,1). Note that the
relation q(1,1)r =

√
3q

(1,0)
r was used to obtain the position of the (1,1) reflection. The re-

flection width was set to σ = 0.0184nm−1. An example of this fit for the isolated shot
can be seen in Fig. 5.6c. This fit yields the position of the (1,0) position. In Fig. 5.6f the
q(1,0) reflection positions of the sample are plotted. Using PCA, the fiber orientation
was determined for the diffraction pattern for all scan points. An example for the fiber
orientation is shown in Fig. 5.6e.

For comparison to the living CM, we also investigated chemically fixed, hydrated car-
diac tissue cells. Figure 5.7a shows an example for a darkfield map of such a record-
ing. Multiple scan areas covered by continuous piezo scanning, each with a size of
200× 200µm2 and an acquisition time of 0.05 s per scan point, were stitched using a
stepper motor below the piezo. The entire composite with 5× 5 piezo scans results in
the darkfield map in Fig. 5.7a. The different scans areas are indicated by boxes. The
acquisition time for each scan point was 0.05 s. In Fig. 5.7b, a zoom of themarked box
in (a) is shown. In Fig. 5.7c the calculated fiber orientation of this region is plotted.
The data shows, that the fiber orientation throughout a cell is roughly constant. An
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Fig. 5.7: Scanning diffraction: hydrated and chemically fixed CMs. (a,b) Darkfield
maps of isolated, fixed cardiomyocytes. Scale bar: (a) 100µm, (b) 50µm. (c) Orienta-
tion map of the actomyosin fibrils. (d) 1d azimuthal average of a single shot from a
fixed cardiomyocyte. In contrast to Fig. 5.6 (c) only the (1,0) reflection is visible. (e)
Position of the (1,0) reflection. All pixels with a darkfield intensity below 0.8 · 104
counts were masked in white.

example for an azimuthal average of a single diffraction pattern of a chemically fixed
cell is shown in Fig. 5.7d. Only the first peak representing the (1,0) reflection is visible.
This was the case for all shots recorded from all chemically fixed cells. Therefore, the
signal of the (1,1) reflection was excluded for the fit of the fixed cells. The results for
the q(1,0)r position for one region of the map shown in Fig. 5.7e.

Next, we turn to the recordings of living cells, which are displayed in Fig. 5.8. These
cells were in an initially living state as one could derive from their contraction inside
the sample chamber before the measurement. However, one has to keep in mind the
challenging issue of radiation damage arising during data acquisition which will have
a considerable effect on cellular structures. Thus, we can only claim that the cells are
living initially at the beginning of the scan or when recording shots from a new cell.
In Fig. 5.8a a darkfield map of a cluster of living CMs is depicted; the same which was
already shown before when explaining theworkflow. The boxesmarked in in themap
of the darkfield signal are represented in detailed view in Fig. 5.8b-d . For the three
areas, the amplitude of the first peak representing the (1,0) reflection is shown in (1).
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Fig. 5.8: Scanning diffraction: living CMs. (a) Darkfield image showing three CM
clusters magnified in (b,d and d). Scale bar: 50µm, colorbar: linear range 2 · 104- 4.5 ·
104 counts. In all figures pixels with a darkfield intensity below 2 · 104 counts where
masked in white. The structural parameters of the actomyosin lattice were calculated,
namely 1. amplitude of the (1,0) reflection, 2. amplitude of the (1,1) reflection, 3.
q(1,0)r -lattice spacing and 4. histogram of the q(1,0)r position. (1) Scale bar: 25µm,
colorbar: linear range 0 - 0.1 counts/pixel. (2) Colorbar: linear range 0.5·10−3- 4·10−3

counts/pixel. (3) Colorbar: linear range 0.14nm- 0.18nm−1. (4) In area (b) only shots
where two peaks are visible, contributed to the histogram.

The first peak was visible in all observed boxes. On the contrary, this is not the case
for the amplitude of the second peak representing the (1,1) reflection which is shown
in (2). The harmful effect of radiation damage can be observed by the loss of (1,1)
reflection signal which is visible in the first few lines of the first area (Fig. 5.8b.2). In
this region, the signal of the (1,1) reflection is clearly visible in the first scan points, but
then vanished. This observation is consistent with previous observations on muscle
tissue, where the intensity of the second peak vanished when tissue was affected by
radiation damage [315]. Here we also observe that the intensity of the second peak
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decreases, indicating that living cells are strongly affected by radiation damage. This
signal decrease is plausible, since the scan points were acquired row by row from top
left to bottom right, and free radicals spread easily during the scan. Hence, for the
first region, the concentration of free radicals was lower, and less time was available
for their diffusion or for an apototic reaction of the cells. The map of the (1,1) peak
amplitude also shows that the intensity decreases line-by-line.

The q-spacing of the the actomyosin lattice was evaluated for the entire dataset. The
subfigures with index (3) show the map for the q-spacing of the different areas. Boxes
with index (4) show the distribution of the q-spacing (histogram). In Fig. 5.8b.4 only
shotswith two visible peakswere selected for the histogram. InFig. 5.8c.4, andFig. 5.8d.4
only shots with one peak contributed to the histogram. A Gaussian was fitted to every
histogram to obtain the mean and standard deviation. The analysis of the histograms
shows that the q-spacing for the first box (q = 0.149±0.007nm−1) is smaller than the
q-spacing in box (c) (q = 0.157± 0.011nm−1) and box (d) (q = 0.159± 0.009nm−1).
This leads us to the conclude that the q-spacing increases when the cells are affected
by radiation damage. Since the presented scans were also partly affected by damage
as inferred from the decrease of the (1,1) peak, we adapted our measurement strategy,
and in addition to the scans also took diffraction pattern from isolated points within
the CMs, moving to new cells for each shot.

Finally, the violin plot in Fig. 5.9 compares the distribution of the q-spacing for (ini-
tially) living, hydratedCMs andCMs, whichwere chemically fixed. In fixedCMs, only
the (1,0) reflectionwas visible in the diffraction pattern. For the characterization of liv-
ing cells, the diffraction patterns from the data already seen in 5.8, aswell as additional
single shots from freshly prepared samples were used. Only patterns with two visible
peaks were used for the calculation of the lattice spacing of living CMs. The q-spacing
determined for fixed cells is larger than the one found for the living cells. To quantify
the mean and standard deviation, Gaussians were fitted to the distributions. The hor-
izontal lines in the violin plot indicate the mean value. For living CMs a q-spacing of
q = 0.148 ± 0.006nm−1 and for chemically fixed CMs q = 0.167 ± 0.006nm−1 was
obtained. The corresponding actomyosin lattice spacing d(1,0) = 2π

q(1,0)
was 37.6nm

and 42.5nm, for the fixed and living cells, respectively.
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Fig. 5.9: Actomyosin lattice spacings. Distribution of the lattice spacing obtained by
the position of the q(1,0)r reflection for living and chemically fixedCMs. The horizontal
lines in the violin plot indicate themean value of the q-spacing. The corresponding ac-
tomyosin lattice spacing determined to 37.6nm for chemically fixed CMs and 42.5nm
for living cells.

5.4 Summary and conclusion

In this work, we have combined full-field 3d coherent x-ray imaging and scanning x-
ray diffraction to analyze the cellular andmolecular structure of isolated adult CMs of
wild type mice. The 3d electron density distribution of a single CMwas reconstructed
from propagation-based x-ray phase contrast tomography with a voxel size smaller
than 50 nm. Single myofibrils, the sarcomeric organization and location of mitochon-
dria were visualized within a single cell without sectioning. The molecular structure
of the actomyosin lattice was probed by scanning x-ray diffraction, using CRLs for
micro-focusing.

For the first time, the diffraction signal of the acto-myosing contractile unit could be
observed for living cells. Importantly, while previous recordings of living cells only
showed a monotonous decay of the SAXS signal [230], the diffraction signal of CMs
shows characteristic peaks which can be fitted to determine the actomyosin lattice
spacing. A comparison between living cell and chemically fixed cell recordings indi-
cates that the characteristic lattice distances (d10) shrink by approximately 10% upon
fixation, namely from 42.5nm to 37.6nm in the (1, 0) lattice planes. The values fall
into the range reported in the literature for rodent cardiac muscle (rat trabecula), i.e.
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42.5nm − 44.5nm and 34nm − 36nm reported in [265] for relaxed (skinned) and
intact (unskinned) trabecula, respectively, and 38nm reported in [304].

Despite its merit in extending diffraction analysis to living CMs, the present study also
indicated limitations of this approach, imposed by radiation damage and low signal-
to-noise. For future work, it would be desirable to probe different states of contrac-
tion, eventually in combination with well controlled forces acting on the cell. To this
end, only isolated shots in fresh spots should be collected, guided by online light mi-
croscopy, and correlated with the contraction state. Continuous replenishment of
samples and washing out of free radicals could be achieved by suitable microfluidic
devices. Finally, high throughput lattice parameter determination at the single cell
level, eventually in form of ’diffraction flow cytometry’ could be used as a diagnos-
tic tool for dissociated tissue. To this end, genes regulating actomyosin structure in
patient-derived stem cells would be targets of particular interest [333]. Concerning
the tomography, investigations of hydrated or even living cells seem very challenging
based on our present results. Frozen hydrated (vitrified) cells after plunge freezing
[231, 232, 318, 334, 335], however, could be a suitable approach to probe the native
structure in 3d. In this study, we could for example determine an average density of
about 0.88 mitochondria per µm3 as well as the average size of a mitochondrium in
such a CM. A number of technical improvements can also be foreseen: a small glass
tube with thin walls and a hydrogel could provide stability for single cells and min-
imize absorption. The sample could be moved closer to source spot for higher mag-
nification and single photon counting pixel detectors with higher quantum efficiency
could be used. Concerning the sequence of correlative imaging of the same cell, it is
important to first perform optical fluorescence microscopy, second holo-tomography,
and finally diffraction, in view of mitigating the radiation damage. The final state
could then be probed again by optical microscopy to evaluate damage.
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This thesis has investigated the structure of cardiac tissue on multiple length scales.
We could show, that propagation-based X-ray phase-contrast tomography is a tech-
nique which enables the reconstruction of the 3d structure of the heart. For labo-
ratory measurements, we have compared multiple sample preparation methods and
were able to image the structure of entire murine hearts at a resolution of about 5 µm.
In order to characterize the arrangement of the cardiac structure, we have developed a
novel Fourier-analysis-based algorithm, which yields the local structural orientation
as well as the degree of alignment and the distance between the main features within
a small subvolume. Using highly coherent synchrotron radiation, we have investi-
gated the cardiac structure in a multiscale approach. The experimental setups allow
to record tomograms at different magnifications and enable to investigate the 3d car-
diac structure from the scale of the organ down to sub-cellular features. We could
show that this imaging approach also enables the characterization of pathological al-
terations caused by diseases such as Covid-19. Furthermore, we have investigated
the structure of isolated cardiomyocytes using X-ray phase-contrast tomography and
scanningX-ray diffraction. In the 3d reconstruction of the electron density subcellular
features such as the nucleus, myofibrils and mitochondria were resolved for a freeze-
dried cardiomyocyte at a voxelsize of less than 50 nm. The image quality enabled a
segmentation of mitochondria within the cell. Additionally, the pristine structure of
the actomyosin lattice of isolated cardiomyocytes was probed for the first time in an
ex vitro scanning X-ray diffraction experiment.

In order to achieve these results, sample preparation protocols, experimental parame-
ters and imaging setupswere evaluated and optimized for both imagingmodalities. In
the following, themain findings of this work aswell as preliminary results of followup
experiments and future possibilities for structural investigations of cardiac tissue are
briefly addressed.
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6.1 Structural analysis of cardiac cells and tissue on
the nanoscale

In proof-of-concept experiment, presented in chapter 5, wehave investigated the struc-
ture of isolated cardiomyocytes using amultimodal X-ray imaging approach. We have
combined scanning SAXS with confocal fluorescence imaging and high resolution
X-ray tomography of freeze-dried cardiomyocytes. While the fluorescent dye could
show the structure of the cytoskeleton, the entire 3d information of the electron den-
sity distribution within the cell was obtained by X-ray tomography. Based on the 3d
reconstruction, the location of subcellular structures, such asmitochondria, was deter-
mined. Furthermore, we have investigated the actomyosin lattice spacing of cardiomy-
ocytes in buffer solution using scanning X-ray diffraction. We were able to record X-
ray diffraction patterns of living cardiomyocytes in buffer solution for the first time.
Thus, the pristine structure of the actomyosin lattice was observed. In previous scan-
ning SAXS experiments the strong influence of the choice of the chemical fixative on
the molecular actomyosin arrangement was shown [226]. Now we could show that
the lattice spacing of living cardiomyocytes is approximately 10% larger compared to
chemically fixed cells.

The sample preparation and experimental setup presented in this work, pave the way
for followup experiments. For instance, the work can be extended to in vivo inves-
tigations of contracting cardiomyocytes. Furthermore, the imaging schemes can be
transferred to investigations of engineered muscle tissue. Scanning SAXS allows to
probe the molecular actomyosin structure of engineered heart muscle (EHM) and to
investigate structural changes due to drug treatment [336]. First scanning diffraction
experiments of EHM were already performed. However, due to the immature state
of the cells and the small X-ray spot size, the diffraction signal of the actomyosin lat-
tice was quite low [226]. Nonetheless, progress in development of EHM patches of
more mature cells gives hope for a detailed structural analysis [337, 338]. Further-
more, the structural changes of the sarcomeric structure caused by genetic diseases
such as Duchenne Muscle dystrophy could be investigated in a follow up experiment.
To this end, the impact of possible treatment involving genetic modifications using
CRISPR(clustered regularly interspaced short palindromic repeats)/Cas9 could also
be analyzed [339]. It is also conceivable to perform X-ray diffraction experiments on
cardiac biopsies obtained during surgery in order to investigate the molecular struc-
ture and to introduce an additional readout to extend conventional clinical observa-



6.1 Structural analysis of cardiac cells and tissue on the nanoscale 155

tions. Figure 6.1 shows preliminary results from a scanning SAXS experiments on
human atrial appendage tissue slices conducted at the GINIX endstation of the P10
beamline (PETRAIII storage ring, DESY, Hambug) [340]. An averaged diffraction
pattern as well as the integrated angular signal is shown in the top row Fig. 6.1. A
strong signal of the oriented actomyosin reflex as well as a signal resulting from the
collagen structure was observed. The lower part of the figure shows the local signal
caused by the myofilaments (C) and the collagen fibers (E) as well as the correspond-
ing orientations of the structures. It is possible to analyze actomyosin structure of
human tissue and to calculate the local actomyosin-to-collagen ratio. Furthermore,
the structural results can be correlated to cardiac functionality of the patients. In this
way, pathologies of the sarcomeric structure can be characterized in higher detail.

However, before the procedure can be used for for diagnostic purposes, a database
has to be created in order to categorize the results. Therefore, the entire 3d molecu-
lar structure of muscle tissue from healthy as well as pathological samples has to be
understood.

The 3d vectorfield of structured biological samples can be investigated by scanning
SAXS tomography. To this end, the sample is rotated and 2d scanning SAXSmaps are
acquired formultiple angular positions. Scanning SAXS tomography datawas already
recorded from wood, bone and tooth samples [341–344]. So far, the long acquisition
time and the associated radiation-induced damage do not allow to investigate for soft
biological tissue. One possibility to overcome this problem is to extend the beam size
and thus relax spacial resolution [315]. In future experiments, scanning SAXS tomo-
graphy analysis of soft tissue samples, such as cardiac biopsies, could be possible in
combination with cryogenic sample preparation, as currently also developed for 3d
electron microscopy [345–349].

In summary, X-ray diffraction is an excellent technique to analyze the periodic com-
ponents of the muscle structure such as the actomyosin lattice. The diffraction pat-
terns yield information on inter-molecular distances as well as structural orientation.
However, it is not possible to investigate the 3d structural information directly. The
arrangement of structures, such as mitochondria and nuclei which are not periodi-
cally arranged, cannot be reconstructed if the illuminated area extends the size of the
cell. Therefore, X-ray diffraction is often combined with complementary techniques.
In this work, we could show that it is possible to investigate the 3d structure of single
cardiomyocytes using X-ray phase-contrast tomography. In the following, results of
3d histological investigations on the tissue and organ scale will be discussed.
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Fig. 6.1: Scanning small angle X-ray scattering on human tissue. (A) Averaged
X-ray diffraction pattern of human atrial appendage tissue. (B) Angular average of
the diffraction pattern. The myofibril signal as well as the reflexes of collagen can be
identified. (C)Map of the integrated intensity of themuscle signal. (D)Corresponding
orientation of the myofiber. (E) Map of the integrated intensity of the muscle signal.
(F) Corresponding orientation of the collagen alignment. Scale bars: 100 µm [340].
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6.2 Laboratory X-ray phase-contrast tomography of
entire murine hearts

Using a laboratory X-ray phase-contrast tomography setup, presented in chapter 2, the
3d structure of entire murine heart tissue was investigated. We could show, that the
image quality of tomographic reconstructions of samples embedded in paraffin or pre-
pared by the evaporation of solvent (EOS) method is sufficient to identify the cardiac
structures. The use of high-Z element stains is not necessary. On the contrary, diffu-
sion related stainig artefacts might alter the tissue properties and lead to inconsistent
results. Contrarily, a specific labeling or rather the development of X-ray immunos-
tains would facilitate the identification of different cell types. Follow up experiments
to this work, could include the investigation of the cardiac conduction system using
heavy ion labeling, e.g provided by the India Ink stain for ungulate hearts [350].

Furthermore, in this work a novel approach to characterize the structural organiza-
tion was presented. The Fourier-space-based analysis delivers the local structural ori-
entation as well as the degree of alignment. The performance of this method was
compared to a gradient-based algorithm, whichwas already established for the charac-
terization of cardiac structure [185]. The Matlab implementation of both approaches
is given in Appendix A.2. While the resulting orientations are practically the same for
both approaches, our novel analysis additionally allows to identify characteristic dis-
tances, corresponding to the spacing between the tissue structures. The functionality
of the algorithm was shown for a murine heart prepared by the EOS method. This
method increases the contrast by dehydration and thus leads to organ shrinking and
detachment of the cells. So far, it is not possible to investigate the native cardiac struc-
ture with high detail using laboratory X-ray sources. In order to analyze unstained, tis-
sue in solution with subcellular resolution, the high coherent illumination provided
by X-ray radiation facilities is needed.

6.3 X-ray phase-contrast tomography of cardiac
tissue using synchrotron radiation

The publication presented in chapter 3 introduces a multiscale imaging approach to
analyze the 3d structure ofmurine hearts using synchrotron radiation. Using a diffrac-
tion broadened X-ray beam behind a nanofocus, overview scans with a field of view
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extending the primary beam emitted by the undulator can be acquired. In parallel
beam geometry, region of interest were probed with a voxelsize of 650 nm. The tomo-
graphic reconstructions allow to investigate the 3d cardiac structure on a subcellular
level. Furthermore, 3d molecular structures as myofibrils were resolved using a cone
beamwaveguide illumination. Reconstructions of paraffin embedded samples as well
as tissue stored in ethanol were presented. The structural arrangement was probed by
the algorithm described above.

Using a multiscale X-ray imaging approach, 3d structural changes caused by cardio-
vascular diseases can be investigated. In a followup experiment, similar to a study
recently published by Planinc et. al.[197], we investigated structural changes caused
by cardiovascular and genetic pathologies in hydrated conditions. Datasets of entire
murine hearts were acquired at a voxelsize of 2.8 µm and regions of interest were
probed at 650 nmvoxelsize. Preliminary results are shown in Fig. 6.2 [351, 352]. Based
on the overview scans, the myocyte orientation as well as the anisotropy were deter-
mined. Furthermore, structural changes of the 3d tissue, such as a thinning of the
left ventricle wall or changes in ventricular load, can be observed. The high resolu-
tion recording in combination with phase reconstruction shows a different contrast
for individual cells within the heart, as shown in Fig. 6.2. In contrast to the results
of Planinc et. al. the quality of the tomographic data allows to segment individual
cardiomyocytes automatically. Thus, structural properties of single cells, such as size,
orientation or mean electron density, can be characterized without manual segmen-
tation for the entire reconstruction.

The concept of 3d virtual histology can be transferred to different samples without
further restrictions. In chapter 4, the 3d structure of cardiac biopsies of patients who
succumbed to Covid-19, influenza or coxackie myocarditis was probed. Based on lab-
oratory recordings, the structural arrangement of the tissue was analyzed.

Furthermore, tomographic reconstructions of control and Covid-19 samples acquired
at the synchrotron allowed for a deep learning-based segmentation of the capillary net-
work. A further analysis of the vasculature using graph theory indicated the synthesis
of new vessels in cardiac tissue of Covid-19 patients. These results were confirmed us-
ing high resolution cone beam tomography. The presence of intraluminar pillars was
observed, indicating the process of intussusceptive angiogenesis, which is a hallmark
for Covid-19. These results were further supported by scanning electron microscopy
micrographs.

The destruction- and label-free concept of multiscale 3d virtual histology presented
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Fig. 6.2: X-ray Imaging of cardiac pathologies. (A) HE stain of wild type heart, a
mousemodel formyocardial infarction andhypertension (B) slices of the tomographic
reconstructions acquired at a voxelsize of 2.8 µm. Magnification of the areas marked
in red are shown below. (C) For each of the hearts investigated at low resolution,
regions of interest were probed at a voxelsize of 650 nm. An exemplary slice of a
volume located at the bottom of the left ventricle. In the magnification marked in red,
individual cells can be differentiated based on their electron density. Scale bars: (A)
1 mm, (B) 1 mm, magnification 500 µm, (C) 250 µm, magnification 50 µm [351, 352].
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in this work can be transferred to investigations of other types of tissue embedded in
paraffin at sub-light-microscope resolution. In future, 3d virtual histology can be used
to better understand the functions of the organs and the influence of diseases on the
3d tissue structure.

6.4 Future opportunities for phase-contrast
tomography of cardiac tissue

In thiswork, wehave demonstrated that propagation-basedX-ray phase-contrast tomo-
graphy enables a destruction-free multiscale imaging approach to analyze the struc-
ture of soft tissue such as the heart. It is possible to investigate the 3d structure of the
cardiomyocyte arrangement in entire (murine) hearts at laboratory setups as well as
the subcellular structure in regions-of-interest using synchrotron radiation.

Future experiments could include investigation of hearts extending the size of small
animalmodels. Recently, wehave investigated the structure of chemically fixedmacaque
hearts stored in buffer solution at a laboratory setup. While the gross anatomy of the
organ can be identified in the reconstructions, the contrast is too low to resolve the
myocyte arrangement. A solution to this problem can be provided by synchrotron ra-
diation. One issue in large scale X-ray tomography analysis at synchrotron radiation
facilities is the limited field of view. In order to image an entire organ a stack of mul-
tiple scans has to be acquired and the tomographic reconstructions stitched together
[172, 181]. The concept of beam widening using X-ray focusing optics presented in
chapter 3 can be used to record projections of larger organs at beamlines available.
Currently, a new beamline providing the capability to image larger organs at cellular
resolution (BM18) at the ESRF is under construction.

Furthermore, the results of the structural analysis can be used to support simulations
of the heart. These computational models can help to understand the cardiac struc-
ture and functionality andmay allow in future for individual treatment of patients suf-
fering from CVDs. For instance they could help to calculate the optimal positions of
future optogenetic pacemakers [44] or deliver important information about the local
myofiber orientation, which is needed for the application of engineered heart patches
[338, 353, 354]. The first clinical trial treating patients with severe heart failure using
heart muscle tissue derived from stem cells started in the scope of the BioVAT-HF-
DZHK20 study.
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In summary, the multiscale ex vivo 3d cardiac imaging approach using X-ray phase-
contrast tomography presented in this work allows to characterize the structure of
cardiac tissue from the organ scale down to the molecular arrangement of myofibrils.

In future studies, the imaging concept can be extended from static structural analysis
to time-resolved, dynamic studies of the heart. First attempts of 3d imaging of a beat-
ing (mouse) heart were already performed. Using a laboratory X-ray imaging setup
and iodine-based contrast agents, the dynamics of murine hearts was investigated in
time-gated 4d studies [355, 356]. However, they lack in resolution and the image qual-
ity is insufficient to characterize the structure of the myocardium.

In a future experiment the 3d structure of a beating heart could be analyzed using
high flux synchrotron radiation with an extended beamsize in the range of an entire
heart. By recording projections of entire, freshly sectioned hearts, connected to a Lan-
gendorff perfusion system, the dynamics of cardiac contraction could be studied.

In conclusion, the tools and workflows presented in this work, including image ac-
quisition, phase retrieval and post-processing of the reconstructed volumes, allow for
automated investigations of the cardiac structure. Thus, this work contributes to the
question how the structural arrangement of individual cells within the heart enables
the continuous contractile functionality that the natural sciences address since the
era of the ancient Egyptians.





Appendix A
The followingMatlab codes were developed for the data analysis of this thesis and use
functions from the holotomotoolbox which was developed in our group [149].

A.1 Matlab code: Phase retrieval using a heart
phantom

1 %% load toolbox
2 addpath(genpath('/home/holotomotoolbox/holotomotoolbox/functions/'));
3

4 %% read data
5 cd('/PathToData')
6 slices= readraw('EOSHeart_1500x1500x1536.raw','single', [1500 1500 1536]);
7

8 %% create 3d Phantom
9 tic
10 heart3dPhantom=squeeze(slices>=1e-4 & slices<=3e-4); %grayvalue threshold
11 heart3dPhantom = imopen(heart3dPhantom,strel('sphere',2));
12 heart3dPhantom = imdilate(heart3dPhantom,strel('sphere',2));
13 % find lagest connected component
14 CC = bwconncomp(heart3dPhantom);
15 numPixels = cellfun(@numel,CC.PixelIdxList);
16 biggest,idx] = max(numPixels);
17

18 heart3dPhantom=false(size(heart3dPhantom ,[1 2 3]));
19 heart3dPhantom(CC.PixelIdxList{idx}) = 1;
20

21 %% create projection
22 heartPhantom= squeeze(sum(heart3dPhantom ,1))';
23 heartPhantom=heartPhantom./max(heartPhantom(:));
24

25 %% set phase shift and absorption
26 maxPhaseShift=pi/2;
27 maxAbsorption = 0.1;
28
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29 deltaBeta=-2*maxPhaseShift/(log(1-maxAbsorption));
30 %% chosse line for improfile
31 xi =[55 155];
32 yi =[175 175];
33 showImage((-maxPhaseShift*heartPhantom(700:900,950:1150)))
34 caxis([-maxPhaseShift 0])
35 line(xi,yi,'Color','blue','LineWidth',3)
36 title(sprintf('phase shift zoom %i',maxPhaseShift))
37 %% calculate intensity distributions and phase retrieval for different

fresnel numbers
38 arrayFresnel=[1 0.1 1*10^-2 10^-3 ];
39 for f=1:numel(arrayFresnel)
40 fresnelNumber=arrayFresnel(f);%5*10^-(f-1);
41 subplot(231)
42 imagesc((1-(maxAbsorption*heartPhantom)))
43 axis equal tight
44 title(sprintf('absorption %d',maxAbsorption))
45 subplot(232)
46 showImage((-maxPhaseShift*heartPhantom))
47 title(sprintf('phase shift %i',maxPhaseShift))
48 caxis([-maxPhaseShift 0])
49 subplot(233)
50 showImage((-maxPhaseShift*heartPhantom(700:900,950:1150)))
51 caxis([-maxPhaseShift 0])
52 line(xi,yi,'Color','blue','LineWidth',3)
53 title(sprintf('phase shift zoom %i',maxPhaseShift))
54 subplot(234)
55 proj =abs(fresnelPropagate(sqrt((1-maxAbsorption*heartPhantom)).*exp(-

i*maxPhaseShift*heartPhantom),fresnelNumber)).^2;
56 minVal= (round(mean(proj(:))-3*std(proj(:)),2));
57 maxVal= (round(mean(proj(:))+3*std(proj(:)),2));
58 showImage(proj)
59 caxis([minVal maxVal])
60 title(sprintf('projection @ %i',fresnelNumber))
61 subplot(235)
62 showImage(proj(700:900,950:1150))
63 title(sprintf('zoom @ %i',fresnelNumber))
64 caxis([minVal maxVal])
65 colormap(gray)
66 subplot(236)
67 improfile(-maxPhaseShift*heartPhantom(700:900,950:1150),xi ,yi)
68 title(sprintf('proj improfile @ %i abs %d',fresnelNumber,

maxAbsorption))
69 drawnow
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70 saveas(gcf, sprintf('projection_Abs=%d_Ph=%dF=%d.svg',maxAbsorption,
maxPhaseShift,fresnelNumber))

71

72 %% PhaseReconstruction
73 % settings for CTF
74 settingsCTF=phaserec_ctf;
75 settingsCTF.lim1 = 10^(-12+f);
76 settingsCTF.lim2 = 5*10^(-10+2*f);
77 if maxAbsorption >= 0.4
78 settingsCTF.lim2 = 1e-1;
79 end
80 settingsCTF.padx = 100;
81 settingsCTF.pady = 100;
82 settingsCTF.maxPhase = inf;
83 settingsCTF.betaDeltaRatio = 1/deltaBeta;
84

85 % phase retrieval CTF
86 recoCTF = phaserec_ctf(proj, fresnelNumber , settingsCTF);
87 recoCTFNL = phaserec_nonlinTikhonov(proj, fresnelNumber, settingsCTF);
88 %%
89 clf
90 subplot(221)
91 showImage(recoCTF)
92 title(sprintf('Reco CTF @%i abs %d',fresnelNumber, maxAbsorption))
93 caxis([-maxPhaseShift 0])
94 subplot(222)
95 showImage(recoCTFNL)
96 title(sprintf('Reco nlCTF @%i abs %d',fresnelNumber, maxAbsorption))
97 caxis([-maxPhaseShift 0])
98 subplot(223)
99 showImage(recoCTF(700:900,950:1150))
100 line(xi,yi,'Color','blue','LineWidth',3)
101 title(sprintf('Reco Zoom CTF @%i abs %d',fresnelNumber,maxAbsorption))
102 caxis([-maxPhaseShift 0])
103 subplot(224)
104 improfile(recoCTF(700:900,950:1150),xi ,yi)
105 title(sprintf('CTF improfile @%i abs %d',fresnelNumber,maxAbsorption))
106

107 drawnow
108 saveas(gcf, sprintf('RecoCTF_Abs=%d_Ph=%dF=%d.svg',maxAbsorption,

maxPhaseShift,fresnelNumber))
109

110 % phase retrieval BAC
111 settingsBAC = struct;
112 settingsBAC.padx = 00;
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113 settingsBAC.pady = 000;
114 settingsBAC.reg_alpha = 1/deltaBeta*(4*pi*fresnelNumber);
115

116 if maxAbsorption==0
117 settingsBAC.reg_alpha = 1e-6;
118 end
119 % Reconstruction with MBA-algorithm
120 projRecMBA = phaserec_mba(proj, fresnelNumber, settingsBAC);
121

122 % Reconstruction with BAC-algorithm
123 settingsBAC.reg_gamma = 1;
124 recoBAC = phaserec_bac(proj, settingsBAC);
125

126 clf
127 subplot(221)
128 showImage(projRecMBA)
129 title(sprintf('Reco MBA @ %i abs %d',fresnelNumber, maxAbsorption))
130 caxis([-maxPhaseShift 0])
131 subplot(222)
132 showImage(exp(-recoBAC))
133 title(sprintf('Reco BAC @ %i abs %d',fresnelNumber, maxAbsorption))
134 subplot(223)
135 showImage(exp(-recoBAC(700:900,950:1150)))
136 line(xi,yi,'Color','blue','LineWidth',3)
137 subplot(224)
138 improfile(exp(-recoBAC(700:900,950:1150)),xi ,yi)
139 title(sprintf('BAC improfile @%i abs %d',fresnelNumber,maxAbsorption))
140

141 title(sprintf('Reco BAC Zoom @%i abs %d',fresnelNumber,maxAbsorption))
142 drawnow
143 saveas(gcf, sprintf('RecoBAC_Abs=%d_Ph=%dF=%d.svg',maxAbsorption,

maxPhaseShift,fresnelNumber))
144

145 % Reconstruction with SMO-algorithm
146 settingsSMO=phaserec_smo;
147 settingsSMO.betaDeltaRatio = 1/deltaBeta;
148 if settingsSMO.betaDeltaRatio==0
149 settingsSMO.betaDeltaRatio=1e-7;
150 end
151

152 recoSMO = phaserec_smo(proj,fresnelNumber, settingsSMO);
153 clf
154 subplot(221)
155 showImage(-maxPhaseShift*heartPhantom)
156 caxis([-maxPhaseShift 0])



A.2 Matlab code: Orientation analysis 167

157 subplot(222)
158 showImage(recoSMO)
159 title(sprintf('Reco SMO @ %i abs %d',fresnelNumber, maxAbsorption))
160 caxis([-maxPhaseShift 0])
161 subplot(223)
162 showImage(recoSMO(700:900,950:1150))
163 line(xi,yi,'Color','blue','LineWidth',3)
164 title(sprintf('Reco SMO zoom @%i abs %d',fresnelNumber,maxAbsorption))
165 caxis([-maxPhaseShift 0])
166 subplot(224)
167 improfile(recoSMO(700:900,950:1150),xi ,yi)
168 title(sprintf('SMO improfile @%i abs %d',fresnelNumber,maxAbsorption))
169

170 drawnow
171 saveas(gcf, sprintf('RecoSMO_Abs=%d_Ph=%dF=%d.svg',maxAbsorption,

maxPhaseShift,fresnelNumber))
172 end

A.2 Matlab code: Orientation analysis

Fourier-transform-based orientation

1 %% Fibre tracking algorithm for small volumes
2 % INPUT:
3 % data: fft of a volume (multiplied with Kaiser Bessel function)
4 % q_x,q_y,q_z : coordinates in reciprocal space
5 % OUTPUT:
6 % eig_vec: matrix of eigenvectors
7 % eigval: corresponding eigenvalues
8 % I: integrated Intensity of the fourier pattern
9 % omega: anisotropy of the fft-pattern
10

11 function [eigvec, eigval, I, omega] = fiber_orientation(data,q_x,q_y,q_z)
12 I_tmp=abs(data.^2);
13 I=sum(I_tmp(:));
14 q=zeros(3);
15

16 q(1,1)= sum(sum(sum(I_tmp.*q_x.^2))); %q_xx
17 q(1,2)= sum(sum(sum(I_tmp.*q_x.*(q_y)))); % q_xy
18 q(1,3)= sum(sum(sum(I_tmp.*q_x.*q_z))); %q_xz
19

20 q(2,1)= q(1,2); % q_xy
21 q(2,2)= sum(sum(sum(I_tmp.*q_y.^2))); %q_yy
22 q(2,3)= sum(sum(sum(I_tmp.*q_y.*q_z))); %q_yz
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23

24 q(3,1)= q(1,3) ;
25 q(3,2)= q(2,3);
26 q(3,3)= sum(sum(sum(I_tmp.*q_z.^2))); %q_zz
27 q=q/I;
28

29 [eigvec,D] = eig(q);
30 eigval=eig(D);
31

32 omega= abs(max(eigval)-min(eigval))/(max(eigval)+min(eigval));
33 end

Fourier-transform-based distance

1 %% Fiber distances from Fourier peaks
2 % Estimates the fiber thickness from most frequent Signal in Fourier space
3 % INPUT:
4 % data: fft of a volume (multiplied with Kaiser Bessel function
5 % eig_vec_max: maximal Eigenvektoren von PCA
6 % eig_vec_min: minimal Eigenvektoren von PCA
7 % cone: Hoergass shaped mask
8 % angular_norm_mask: Normalization of Fourier Intensities [

angular_norm_mask=angularAverage(cone);]
9 % OUTPUT:
10 % distance: Distance between two fibers
11 % peakheight: Ratio of signal from peak to backgrounf
12

13 function [distance, peakheight]=fiber_distance(data,eig_vec_max,
eig_vec_min,cone)

14 % define mask for signal
15 [azimuth,eleva,r] = cart2sph(eig_vec_max(1),eig_vec_max(2),eig_vec_max

(3));
16 azimuth=azimuth/pi*180;
17 eleva = 90-eleva/pi*180;
18 cone_mask=single(cone);
19 cone_mask=(imrotate3(cone_mask,eleva,[1 0 0],'crop','FillValues',0));
20 cone_mask=(imrotate3(cone_mask,azimuth ,[0 0 1],'crop','FillValues',0));
21

22 %define mask for background
23 [azimuth,eleva,r] = cart2sph(eig_vec_min(1),eig_vec_min(2),eig_vec_min

(3));
24 azimuth=azimuth/pi*180;
25 eleva = 90-eleva/pi*180;
26 cone_mask_background=single(cone);
27 cone_mask_background=(imrotate3(cone_mask_background ,eleva,[1 0 0],'crop
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','FillValues',0));
28 cone_mask_background=(imrotate3(cone_mask_background ,azimuth,[0 0 1],'

crop','FillValues',0));
29

30 % calculate Inensity distribution
31 I_0=angularAverage(abs(((data).*cone_mask).^2))./(angularAverage(abs(((

data).*cone_mask_background).^2)));
32 I_0(~isfinite(I_0))=0;
33 [peakheight, peakpos] = max(I_0);
34 distance = 1/((peakpos-1)./(length(I_0)-1)/2);
35 end

Gradient-based orientation

1 %% Fibre tracking algorithm for small volumes
2 % INPUT:
3 % data: fft of a volume (multiplied with Kaiser Bessel function
4 % q_x,q_y,q_z : coordinates in reciprocal space
5 % OUTPUT:
6 % eig_vec: matrix of eigenvectors
7 % eigval: corresponding eigenvalues
8 % I: integrated Intensity of the fourier pattern
9 % omega: anisotropy of the fft-pattern
10

11 function [eigvec, eigval, Itot, omega] = fiber_orientation_grad(data)
12 [Gy,Gx,Gz] = imgradientxyz(data,'central');
13

14 Itot = sum(data(:));
15

16 % covariance matrix
17 cov = zeros(3);
18

19 % diagonal elements
20 cov(1,1)= sum(sum(sum(Gx.^2)));
21 cov(2,2)= sum(sum(sum(Gy.^2)));
22 cov(3,3)= sum(sum(sum(Gz.^2)));
23

24 % off-diagonal elements
25 cov(1,2)= sum(sum(sum(Gx.*Gy)));
26 cov(1,3)= sum(sum(sum(Gx.*Gz)));
27 cov(2,3)= sum(sum(sum(Gy.*Gz)));
28

29 cov(2,1)= cov(1,2);
30 cov(3,1)= cov(1,3) ;
31 cov(3,2)= cov(2,3);
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32

33 % diagonalize matrix
34 [eigvec,D] = eig(cov);
35 eigval=eig(D);
36

37 % sort eigenvalues
38 [eigval, i_sort] = sort(eigval,'descend');
39 eigvec = eigvec(:,i_sort);
40

41 % anisotropy
42 omega = sqrt(((1/eigval(1)-1/eigval(2)).^2+(1/eigval(2)-1/eigval(3))

.^2+(1/eigval(3)-1/eigval(1)).^2)/(2*((1/eigval(1)).^2+(1/eigval(2))

.^2+(1/eigval(3)).^2)));
43 end

A.3 Matlab code: Ring removal

Alignment of projections

1 %% shift projections to mean position to correct for detector movement
2

3 refPosition= median(raws(dirtPositionX(1):dirtPositionX(2),dirtPositionY
(1):dirtPositionY(2),:),3);

4 %%
5 iProj=1;
6 prjTmp = raws(dirtPositionX(1):dirtPositionX(2),dirtPositionY(1):

dirtPositionY(2),iProj);
7 settingsAlign=alignImages;
8 settingsAlign.registrationMode = 'shift'; %'shiftRotation'
9 settingsAlign.registrationAccuracy = 100;
10 settingsAlign.sigmaHighpass = 1;
11 settingsAlign.sigmaLowpass = 1;
12 settingsAlign.medfilt = false;
13 [imAligned,shifts,rotAngleDegree,imToAlignFiltered] = alignImages(prjTmp,

refPosition, settingsAlign);
14 %
15 showImage(refPosition -(shiftRotateImage(prjTmp,shifts, 0)))
16 %% correct movement of detector
17 raws_shifted=zeros(size(raws),'single');
18

19 for iProj=1:numAngles
20 prjTmp = raws(dirtPositionX(1):dirtPositionX(2),dirtPositionY(1):

dirtPositionY(2),iProj);
21 [~,shifts] = alignImages(prjTmp,refPosition, settingsAlign);
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22 if sum(abs(shifts))<2
23 raws_shifted(:,:,iProj) = shiftRotateImage(raws(:,:,iProj),shifts,

0);
24 end
25 end
26

27 %%
28 raws = raws_shifted;
29 clear raws_shifted
30 %% also align flats
31 flatsAll=cat(3,flats,flats_post);
32 flats_shifted= zeros(size(flatsAll),'single');
33 for iProj=1:size(flatsAll ,3)
34 prjTmp = flatsAll(dirtPositionX(1):dirtPositionX(2),dirtPositionY(1):

dirtPositionY(2),iProj);
35 [~,shifts] = alignImages(prjTmp,refPosition, settingsAlign);
36 if sum(abs(shifts))<2
37 flats_shifted(:,:,iProj) = shiftRotateImage(flatsAll(:,:,iProj),

shifts, 0);
38 % shifts
39 end
40 end
41 %%
42 flats = flats_shifted;
43 flat = mean(flats_shifted(:,:,10:end),3);

Local ring removal

1 %% local ring remove
2 % find bad areas by flat field to create a ring remove mask
3 showImage((flat))
4 %%
5 [gradX gradY gradZ]=imgradientxyz(single(cat(3,flats,flats_post)));
6 %%
7 stdFlats=mean(sqrt(gradX.^2+gradY.^2),3);
8

9 %% find dirt position by movement of detector via standard varriance
10 showImage(stdFlats >5*std(stdFlats,0,'all'))
11 %%
12 ringMask2D=stdFlats >5*std(stdFlats,0,'all');
13 ringMask2D= imerode(ringMask2D,strel('disk',1));
14 ringMask2D= imdilate(ringMask2D,strel('disk',10));
15

16 showImage(ringMask2D)
17 %%
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18 clear gradX gradY gradZ
19 %% perform ring remove mor multiple distances
20 for iDist=1:numel(distToUse)
21 iSlice=1630; %test slice
22 sino = squeeze(projs(iSlice,:,:,iDist));
23 lowVal = -0.002;
24 highVal = 0.002;
25 sliceOriginal = astraFBP(sino,thetas);
26 if doPlot
27 figure(1); showImage(sliceOriginal); title('Original slice');

colormap gray;
28 zoom(1)
29 caxis([lowVal, highVal])
30 end
31

32 %% additive approach for ring removal
33 settingsRingremove = ringremove;
34 settingsRingremove.method = 'additive';
35 settingsRingremove.additive_SmoothMethod = 'median';
36 settingsRingremove.additive_WindowSize = 50;
37 settingsRingremove.additive_GaussSigma = 5;
38 settingsRingremove.additive_Region=[];
39

40 sinoAdditive = ringremove(sino,settingsRingremove);
41 sliceAdditive = astraFBP(sinoAdditive,thetas);
42 if doPlot
43 figure(2); showImage(sliceAdditive) ;
44 title('Additive ring removal') ;
45 colormap gray;
46 zoom(1)
47 caxis([lowVal, highVal])
48 end
49 %% wavelet-based approach for ring removal
50 settingsRingremove.method = 'wavelet';
51 settingsRingremove.wavelet_DecNum = 7;
52 settingsRingremove.wavelet_Wname = 'sym8';
53 settingsRingremove.wavelet_Sigma = 4;
54

55 sinoWavelet = ringremove(sino,settingsRingremove);
56 sliceWavelet = astraFBP(sinoWavelet,thetas);
57 if doPlot
58 figure(3);
59 showImage(sliceWavelet);
60 title('Wavelet-based ring removal');
61 colormap gray;
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62 zoom(1)
63 caxis([lowVal, highVal])
64 end
65 %%
66

67 settingsRingremove2.method = 'wavelet';
68 settingsRingremove2.wavelet_DecNum = 7;
69 settingsRingremove2.wavelet_Wname = 'sym8';
70 settingsRingremove2.wavelet_Sigma = 5;
71 % settingsRingremove2.method = 'additive';
72 % settingsRingremove2.additive_SmoothMethod = 'median';
73 % settingsRingremove2.additive_WindowSize = [];
74 % settingsRingremove2.additive_GaussSigma = 5;
75 % settingsRingremove2.additive_Region=[];
76

77 % new Ansatz "flat mask"
78 sinoCorr=sino;
79 ringMask=double(ringMask2D(iSlice,:));
80 sinoCorr = imgaussfilt(ringMask ,2)'.*ringremove(sinoCorr,

settingsRingremove2)+sinoCorr.*(1-imgaussfilt(ringMask ,2))';
81 sliceCorr = astraFBP(sinoCorr,thetas);
82 if doPlot
83 figure(4); showImage(sliceCorr) ;
84 colormap gray;
85 zoom(1)
86 caxis([lowVal, highVal])
87 end
88 projs_corr= projs;
89 %%
90 fprintf('... perform ring removal... \n')
91 parfor sliceIdx = 1:size(projs,1)
92 sino=squeeze(projs_corr(sliceIdx,:,:,iDist));
93 ringMask=double(ringMask2D(sliceIdx ,:));
94 %% local ring remove
95 if sum(ringMask)>0
96 projs_corr(sliceIdx,:,:,iDist) = imgaussfilt(ringMask ,2)

'.*ringremove(sino,settingsRingremove2)+sino.*(1-imgaussfilt(ringMask
,2))';

97 end
98 %% standard ring remove
99 projs_corr(sliceIdx,:,:,iDist)= ringremove(squeeze(projs_corr(

sliceIdx,:,:,iDist)),settingsRingremove);
100 end
101 fprintf('... ringremoval done ... \n')
102 end
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The cardiac function relies on an intricate molecular and cellular three-
dimensional (3d) architecture of a complex, dense and co-dependent cellular 

network. Structural alterations of the cardiac structure can affect its essential 
function and lead to severe dysfunction of the organ. Cardiovascular diseases are 
the main cause of death worldwide with a rising incidence.
However, it is not possible to give a generalized answer how the heart is formed. 
Up to now, cardiac structure as well as physiologic and disease-related tissue 
alterations of the tissue are mainly investigated by established 2d imaging 
methods such as optical microscopy or electron microscopy.

This work presents a multiscale and multimodal X-ray imaging approach, which 
allows to probe the heart structure from the scale of entire intact murine hearts 
to the molecular organisation of the sarcomer structure.
While the molecular structure of the actomyosin complex is probed by scanning 
X-ray diffraction, the 3d arrangement of the cellular network is investigated 
by propagation-based X-ray phase-contrast tomography. In this context, 
the concept of 3d virtual histology of cardiac tissue by X-ray phase-contrast 
tomography using laboratory sources as well as highly coherent synchrotron 
radiation is being further developed.
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