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Summary
This thesis is focused on an advanced imaging method X-ray computed nanotomography
(CT). This non-destructive technique is used for the research of various biomaterials in
tissue engineering and material science in general (scaffolds, polymers, ceramics, compos-
ites, etc.). Visualisation and quantification in 3D are advantageous in multidisciplinary
approach usually applied in these fields. The objective of the thesis is divided into two
topics. The first topic is about optimisation of the measurement procedure for various
soft materials by CT with the laboratory X-ray sources. Mostly, the phase contrast
propagation-based CT imaging (PBI) is involved here. This work theoretically describes
the PBI and demonstrates this phenomenon via several sets of measurements. The ne-
cessary post-processing of PBI data is implemented and evaluated based on data quality
enhancement. The second topic shows specific applications of CT in material engineering.
Several studies with different CT devices show a few examples of possible applications
and image processing options. Examples of correlation of CT with other complement-
ary techniques show how CT can be applied in a multidisciplinary approach to solving
complex scientific problems.

Abstrakt
Tato práce se zaměřuje na pokročilou zobrazovací technologii, rentgenovou počítačovou
tomografii (CT). Tato nedestruktivní technika je využívána pro výzkum různých bioma-
teiálů ve tkáňovém inženýrství a materiálové vědě obecně (skafoldy, polymery, keramické
materiály, kompozity aj.). Vizualizace a kvantifikace ve 3D jsou výhodné v rámci multi-
disciplinárního přístupu, který je často v těchto odvětvích uplatňován. Záměr této práce
lze rozdělit do dvou oblastí. Prvním tématem je optimalizace měřicí procedury různých
měkkých materiálů pomocí CT s laboratorními rentgenovými zdroji. To zahrnuje převážně
zobrazování ve fázovém kontrastu, konkrétně metodu volného šíření záření (VŠZ). Tato
práce teoreticky popisuje VŠZ a demonstruje tento jev na řadě experimentů. Následné
nezbytné zpracování dat získaných VŠZ je implementováno a vyhodnoceno na základě mí-
ry zlepšení obrazových dat. Druhé téma ukazuje konkrétní aplikace CT v materiálovém
inženýrství. Několik studií s různými CT zařízeními ukazuje příklady možných aplika-
cí a obrazového zpracování. Příklady korelace CT dat s jinými doplňkovými technikami
ukazují, jak může být CT aplikována v multioborovém přístupu ke komplexnímu řešení
vědeckých problémů.
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Rozšířený abstrakt
Tato práce se zaměřuje na pokročilou zobrazovací technologii, rentgenovou počítačovou
tomografii (CT). Tato nedestruktivní technika je využívána pro výzkum různých bio-
mateiálů ve tkáňovém inženýrství a materiálové vědě obecně (skafoldy, polymery, ke-
ramické materiály, kompozity aj.). Vizualizace a kvantifikace ve 3D pomocí CT jsou
výhodné v rámci multidisciplinárního přístupu, který je často v těchto odvětvích up-
latňován.

Záměr této práce lze rozdělit do dvou oblastí. Prvním tématem je optimalizace měřicí
procedury měkkých materiálů pomocí CT zařízení s laboratorními rentgenovými zdroji.
To zahrnuje převážně zobrazování ve fázovém kontrastu, konkrétně metodu volného šíření
záření (VŠZ). V této práci je popsán princip VŠZ a uvedené vztahy jsou aplikovány na
popis jednotlivých CT zařízení. Na základě jejich analýzy jsou CT zařízení hodnocena
z hlediska možností využití VŠZ. Jev je demonstrován na řadě experimentů měření poly-
merového kompozitu za různých nastavení přístroje. Následné nezbytné zpracování dat
získaných VŠZ ve formě tzv. algoritmů pro získání fáze je implementováno a vyhodno-
ceno na základě míry zlepšení obrazových dat. Byl navržen software pro implementaci
několika těchto algoritmů v případě CT zařízení RIGAKU nano3DX. Tento software bude
implementován do oficiálního software firmy.

Druhé téma představuje některé konkrétní aplikace CT v materiálovém inženýrství.
Několik studií s různými CT zařízeními ukazuje příklady možných využití VŠZ pro bio-
materiály a obrazovou analýzu dat. Jednou z aplikací je zobrazování buněk ve skafoldech.
Je ukázáno zobrazení jak jednotlivých buněk s velkým rozlišením, tak i většího množství
materiálu, což umožňuje celkové zhodnocení většího objemu vzorku. Druhým příkladem je
analýza pórovitosti hydroxyapatitové pěny. Příklady korelace CT dat s jinými doplňkovými
technikami ukazují, jak může být CT aplikována v multioborovém přístupu ke kom-
plexnímu řešení vědeckých problémů. Je ukázána kombinace CT, skenovacího elektro-
nového mikroskopu a světelné mikroskopie na vzorku skafoldu a kombinace CT, 3D ener-
giově disperzní spektroskopie a světelné mikroskopie na vzorku vápence.

Konkrétním přínosem práce je rozšíření expertízy Laboratoře rentgenové počítačové
tomografie na CEITEC VUT v oblasti zobrazování ve fázovém kontrastu. Implementace
této metody na konkrétních tématech z materiálových věd rozšiřuje možnosti charakteriz-
ace především materiálů složených z lehkých prvků. Obecně tato práce přispívá k zavedení
rentgenové počítačové tomografie jako běžné techniky k 3D zobrazování a analýze biolo-
gických vzorků. Nejdůležitější výsledky práce jsou autorkou publikovány v odborných
impaktovaných časopisech a byly prezentovány na mezinárodních konferencích.
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Introduction

X-ray computed tomography (CT) is a nondestructive method for imaging of materials.
In principle, it acquires 3D information about the sample via a set of X-ray projections
under different angles of a sample’s rotation. In such a CT scan, an inner structure
of an object is visualised. Based on the different response of materials to X-rays, an ab-
sorption or phase contrast can be measured or derived from the X-ray projections. In CT
data, it is possible to get a slice through an object in an arbitrary direction. Various
materials and structures can be distinguished, segmented and further analysed. Apart
from visualisation, a number of useful information can be derived – size, volume, surface,
3D distribution, porosity, etc., and a variety of analyses including dimensional measure-
ments and modelling of physical properties can be performed.

Many fields of science and industry take advantages of CT. The main features used
by industry follow the quality control – dimensional measurements of otherwise inaccess-
ible parts, comparison of manufactured parts to a CAD model, control of geometrical
tolerances, various analyses of porosity, fibre orientation and wall thickness, etc. Some
of them are also used in the science field. In the case of biomaterials, the challenge
of segmentation, e.g. of determination of surface/border of different materials, is often
more difficult than in industry. The reason is that those materials contain a lot of various
structures, which may have similar or low contrast to be distinguished easily. Often, some
a priori knowledge about the sample is needed. The purpose of the further analysis is of-
ten case-dependent and requires the development of specific post-processing procedures,
usage of specialised CT software or utilisation of advanced programming methods.

Obtaining CT data of structures from biomaterials and establishing a meaningful post-
processing method is a challenging task. They are composed of light materials with low
X-ray absorption and/or contrast, which makes use of absorption CT used in industry
difficult or even impossible. This can be overcome by staining of the sample with heav-
ier elements or by use of phase contrast imaging methods. The latter requires careful
mathematical post-processing of X-ray projections to get meaningful data. Once the CT
data are acquired, and the desired structures are visible, the segmentation and quantific-
ation bring another challenge for both CT-devoted software and programmers working
with image analysis. To get a reliable interpretation of CT data, often additional 2D/3D
imaging methods are required to complement CT results and to establish the technique
in the framework of currently used methods.

The chapter “Literature review” is not included in this doctoral thesis summary.
The following chapter, here the first one, sums up the aims of the thesis. In the second
chapter, the CT devices, software and image evaluation tools used in the thesis are de-
scribed.

The next two chapters form the main content of the thesis. The third chapter explores
the propagation-based method of phase contrast imaging with laboratory-based X-ray
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INTRODUCTION

sources from the theoretical and experimental point of view. It includes characterisation
of two laboratory-based CT systems for propagation-based imaging (PBI), implement-
ation and optimisation of phase retrieval algorithms and optimisation of measurement
parameters for PBI. In chapter four, examples of phase contrast imaging and subsequent
post-processing of light materials are shown. The most important results from the fourth
and fifth chapter are published in impacted journals. Some of the results were presented
at international conferences.
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1. Aims of thesis

The general aim of this thesis is to study, explore and bring new insights into the field
of imaging of polymer biomaterials by X-ray computed nanotomography. This is achieved
by the exploration of two areas of interest: research and development of CT imaging itself,
specifically propagation-based phase contrast imaging, and application of this technique
on specific applications in material science.

1.1. Propagation-based phase contrast imaging
CT imaging of light materials like polymers and soft tissues is not as easy and straight-
forward as imaging of heavy, metal samples from industry, geology, and similar. These
materials often do not have sufficient X-ray absorption and/or contrast in X-ray region.
The problem of CT imaging of such samples is, in general, solved by staining to increase
contrast or by use of specific imaging methods like phase contrast imaging.

The goal here is to explore phase contrast imaging with laboratory-based CT devices.
Experiments optimising the propagation-based imaging (PBI) procedures will be designed,
performed and evaluated. Results of this technique from several CT machines will be
shown, including the work from the author’s internships abroad.

Special focus will be on the post-processing of data acquired via PBI. This includes
mainly the implementation of phase retrieval algorithms. A simple tool for easy testing
and application of phase retrieval will be developed specifically for the needs of the Labor-
atory of X-ray computed micro and nanotomography at CEITEC BUT. Also, the influ-
ence of phase retrieval on data quality in dependence on measurement parameters will be
studied.

1.2. Applications on biomaterials
Among other methods of material’s imaging, the CT technique is distinguished by the
possibility of studying the whole sample without its destruction and in 3D. A lot of
information of interest can be derived from CT data (morphology characteristics, pore
analysis, etc.) Nevertheless, it is often advantageous to complement CT data with other,
quantitative technique since a basic CT measurement cannot determine the composition
of the sample.

Several case-studies of CT imaging of various biomaterials (scaffolds, foams, ...) will be
shown. They include phase contrast imaging and a few image analysis procedures. They
may be done in VG Studio MAX software, Matlab, ImageJ or any other convenient tool.
Another task in the thesis is a combination of CT data with other 2D or 3D analysing
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1. AIMS OF THESIS

and imaging methods, such as optical or electron microscopy, serial sectioning etc. Two
studies presenting such correlation will be shown.

4



2. Methods

2.1. CT devices

In this section, the CT devices used for experiments in this doctoral thesis topic are de-
scribed: RIGAKU nano3DX, GE phoenix v|tome|x L240 and Thermo Fisher Scientific
HeliScan located at the Brno University of Technology, and Zeiss Xradia nanoXCT-100
located at the University of Jyväskylä in Finland (Fig. 2.1). Technical details and specific-
ations regarding sample preparation and imaging are included. The following shortcuts
are used: LPS – linear pixel size, LVS – linear voxel size, FOV – field of view.

Figure 2.1: CT machines used in the thesis: a) RIGAKU nano3DX, b) Thermo Fisher
Scientific HeliScan, c) GE phoenix v|tome|x L240, d) Zeiss Xradia nanoXCT-100.
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2. METHODS

RIGAKU nano3DX

Most of the measurements are performed with CT device RIGAKU nano3DX, loc-
ated at the Central European Institute of Technology, Brno University of Technology
(Fig. 2.1a). Sample–source distance is relatively large (≈ 260 mm) compared to the typ-
ical sample size (few mm), so the beam is considered semi-parallel at the sample stage.

The X-ray source is the RIGAKU rotating anode with three target materials avail-
able (Cu (40 kV tube voltage, 30 mA tube current), Mo (50 kV, 24 mA), and Cr (35 kV,
25 mA)). The focal spot size is 73 μm for Cu and 156 μm for Mo target measured according
to the EN 12543-5 norm.

Experiments in the thesis are performed with two different types of X-ray cameras,
CCD (charge-coupled device) and sCMOS (scientific complementary metal-oxide-semicon-
ductor). The camera consists of a scintillator, magnification optics and a detector. Several
optical units with different magnifications can be used to reach different effective LPS
and FOV (for the smallest optical unit for CCD camera: LPS 0.27 μm, FOV 0.7×0.9 mm2).

CT measurements can be performed either in Continuous mode (the sample is con-
tinuously rotating during the measurement) or Step mode (the sample does not move
during the acquisition of a projection). The typical scanning times are 1–3 hours. Accord-
ing to the author’s experience, it is necessary to prepare the sample in advance and to let
it temperate in the sample chamber for at least several hours to avoid sample movement
due to thermal expansion.

Thermo Fisher Scientific HeliScan

Thermo Fisher Scientific HeliScan CT device is located at the Central European Insti-
tute of Technology, Brno University of Technology (Fig. 2.1b). The system is equipped
with micro-focus X-ray source with 8 W power with up to 160 kV voltage. The target
material is tungsten. The focal spot size varies between 0.8 μm and 4 μm according
to the applied settings (it is possible to choose from three different spot sizes in this
range). The geometry of the system allows to set maximum source–sample distance
130 mm and maximum source–detector distance 750 mm. The detector is a large area 16-
bit detector with 3072 × 3072 pixels with 139 μm pixel size. When performing CT meas-
urements, several scanning trajectories are available: circular and helical ones – single
helix, double helix and space filling.

GE phoenix v|tome|x L240

CT device GE phoenix v|tome|x L240„ located at the Central European Institute
of Technology, Brno University of Technology (Fig. 2.1c), was used for an application
study. This large microCT system is placed in an air-conditioned cabinet. All components
are on the granite-based 7-axis manipulator for long-term stability. The system has a cone
beam geometry. The samples up to 500×800 mm3 and 50 kg can be scanned. The machine
is equipped with a GE DXR 250 flat panel detector.
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2.1. CT DEVICES

Zeiss Xradia nanoXCT-100

CT device Zeiss Xradia nanoXCT-100, located at the University of Jyväskylä in Fin-
land (Fig. 2.1d), was used for an application study. Images were taken during 4-months
Erasmus internship at this university from February to May 2018. With this machine,
two imaging modes are available: absorption (without the phase ring) and phase con-
trast mode (with the phase ring). Rotating RIGAKU Cu anode (40 keV, 30 mA) emerges
X-rays from 70 μm focal spot. Two imaging modes are available: “Large field of view”,
LFoV (LVS 65 nm, FOV 60 × 60 μm2), and “High resolution”, HiRes (LVS 10 nm, FOV
15 × 15 μm2).

The schematic diagram of the machine is in Fig. 2.2. A condenser capillary lens
is installed to capture the X-rays and to focus them on the sample. To obtain a single
focal spot, a pinhole is inserted just before the sample to isolate only the first order
reflected X-rays. Fresnel zone plate is used as an objective. Optional phase ring is used
to form a negative Zernike phase contrast. To reduce the loss of throughput, X-rays pass
through flight tube filled with He gas. The detector consists of two magnifying lenses
with scintillators (for alignment and imaging). X-rays converted to light are captured on
a CCD camera.

X-ray source

Condenser Sample

Pinhole

Objective zone plate

(Phase ring)

Detector

Figure 2.2: Xradia Zeiss nanoXCT-100 setup.

The whole system is very sensitive to the geometrical alignment of all components
because X-rays are focused on a small spot on the sample. To reach optimal data qual-
ity, scanning times can be as high as several days. The final resolution is higher than
the precision of mechanics of the sample stage. To overcome this difficulty, for every
measurement, a gold microparticle has to be inserted into the sample. It is also used later
for alignment of projections.

Since the field of view is very small, additional tools have to be used for sample prepar-
ation. For manipulation with the sample and the needle, micro-manipulators Sensapex
SMX and micro-grippers SmarAct are used. The preparation is observed via a Leica Z16
APO microscope. If needed, the sample can be cut via laser on a QuikLaze CMPS-888L
machine.
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2. METHODS

2.2. Software
The following software for data processing was used during work on this thesis (Tab. 2.1).

Table 2.1: List of software used in this thesis for data analysis.

Fiji
open source [1, 2]
MATLAB
MathWorks, USA [3]
VGStudio MAX
Volume Graphics, Germany [4]
MAVI
Fraunhofer Institute for Industrial Mathematics, Germany [5]
Pore3D
open source software for commercial IDL [6]

2.3. Image evaluation parameters
Several parameters for image evaluation are introduced in Fig. 2.3. Let IMAT and IBCG
be the averaged grey value intensities from areas inside sample material and in the back-
ground, respectively. If a line profile is generated1, IMAT and IBCG correspond to the in-
tensities at the ends of the line2. I20 % and I80 % correspond to 20 % and 80 % of the in-
tensity difference between IMAT and IBCG. x20 % and x80 % correspond to the horizontal
axis value of I20 % and I80 %, respectively. IMAX and IMIN are the maximum and minimum
values in the line profile, respectively.

IMAX

I80 %

I20 %

IMAT

IBCG

IMIN

x80 % x20 %

IMAT

IBCG

fROD(x)

IBCG

IMAT

line profile

CT slice Line profiles

Figure 2.3: Variables used in image evaluation parameters.

1Usually, several pixels above and below the line are averaged to reduce the noise.
2Usually, several utmost pixels are averaged to reduce the noise.
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2.3. IMAGE EVALUATION PARAMETERS

Parameters based on information from selected area

• Histogram. Graphical representation of grey values distribution in a given area
(typically a CT slice).

• Signal to noise ratio SNR3.
SNR = IMAT

std IBCG

• Signal to noise ratio gain SNRgain

SNR = SNR(phase retrieved image)
SNR(original image)

Parameters based on line profile

• Absorption contrast CABS

CABS = IMAT − IBCG

(IMAT − IBCG)/2

• Absorption contrast gain CABS, gain

CABS, gain = CABS(phase retrieved image)
CABS(original image)

• Phase contrast CPHC

CPHC = IMAX − IMIN − (IMAT − IBCG)
IMAX + IMIN

• Let fROD be the Rodbard function fitted to line profile with parameters a, b.

fROD(x) = IBCG + IMAT − IBCG

1 + (x
b
)a

– Edge resolution RE
RE = |x20 % − x80 %|

– Standard deviation of fitting of Rodbard function STDROD

STDROD =

√∑N
i [I(xi) − fROD(xi)]2

N

3std x means standard deviation of x.
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3. Propagation-based imaging

Only a limited number of images and results is included in this doctoral thesis summary.

3.1. Characterization of lab-CT systems for PBI
With knowledge of parameters of a CT machine, it is possible to estimate suitability
of the device for propagation-based imaging based on criteria explained in the full version
of the thesis. Two CT machines (RIGAKU nano3DX (Sec. 2.1) and Thermo Fisher
Scientific HeliScan (Sec. 2.1)) are described and discussed in terms of PBI. Calculations
are supplemented with measurements of polymeric samples.

3.1.1. PBI on nano3DX
The study was published by the author of the thesis in [7], titled “Characterization
of a laboratory-based X-ray computed nanotomography system for propagation-based
method of phase contrast imaging”.

Abstract

“Phase-contrast imaging (PCI) is used to extend X-ray computed nanotomography
(nCT) technique for analyzing samples with a low X-ray contrast, such as polymeric
structures or soft tissues. Although this technique is used in many variations at synchro-
trons, along with the recent development of X-ray tubes and X-ray detectors, a phase
contrast imaging becomes available also for laboratory systems.

This work is focused on determining the conditions for propagation-based PCI in labor-
atory nCT systems based on three criteria. It is mostly employed in near-field imaging
regime, which is quantified via Fresnel number. X-rays must reach certain degree of co-
herence to form edge-enhancement. Finally, setup of every CT measurement has to avoid
geometrical unsharpness due to the finite focal spot size. These conditions are evaluated
and discussed in terms of different properties and settings of CT machine. Propagation-
based PCI is tested on a sample of carbon fibres reinforced polyethylene and the imple-
mentation of Paganin phase retrieval algorithm on the CT data is shown.” [7]
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3. PROPAGATION-BASED IMAGING

3.1.2. PBI on HeliScan
A study similar to the evaluation of PBI on RIGAKU nano3DX (Sec. 3.1.1) was also car-
ried out with CT device Thermo Fisher HeliScan. The preliminary results were presented
by the author of this thesis at the International Conference on Tomography of Materials
and Structures in Cairns, Australia, on July 2019. Up to the date of submitting of this
thesis, the experimental results are still under evaluation, and they are planned to be
published in an impacted journal in autumn 2019 or winter 2020. Therefore here, only
numerical evaluation is provided.

Theoretical estimation of PBI abilities of HeliScan includes evaluation of imaging
regime represented by Fresnel number NF, visibility of PBI effects related to a degree
of X-ray coherence represented by Lshear/Llat ratio, and geometrical unsharpness due
to finite focal spot size. In contrast to nano3DX, HeliScan offers more variability in terms
of setting source–sample distance (denoted here as sample position yS), source–detector
distance (denoted here as yD), X-ray tube voltage, and focal spot size. The calculations
are made for two effective propagation distances, 5 mm and 10 mm. These two represent
two measurement settings with different sample and detector positions and the same linear
voxel size 2 μm (Tab 3.1). As a wavelength, the mean energy of spectra with acceleration
voltage 50 kV generated by SpekCalc software [8] was used, unless stated otherwise.

Table 3.1: Two possible geometrical settings of Thermo Fisher HeliScan to reach different
effective propagation distances.

Source–sample Source–detector Effective propagation
distance yS [mm] distance yD [mm] distance zeff [mm]

5 300 5
11 718 11

Dependence of the Fresnel number on the structural component of size a shows a quick
increase to very high numbers (≫ 1) for both measurements (Fig. 3.1a). Thus, the imaging
is in the near field regime for all recognizable features (considering the linear voxel size
of 2 μm). The edge enhancement should be the most pronounced for small features of size
about a few microns.

The imaging regime does not depend on focal spot size, but it can vary with the X-
ray energy. The plot of NF for different X-ray tube voltages (thus mean X-ray energy
of the spectra) suggests that this parameter is not much significant for the imaging regime
in the range of energies available for HeliScan (Fig. 3.1b).

Both sets of measurements have almost identical dependence of Lshear/Llat ratio on a
(Fig. 3.2a). The differences are not visible on the displayed scale. However, the degree
of coherence is influenced by the focal spot size (Fig. 3.2b). If the smaller spot size is used,
the phase effects are better visible.

Distances of both the sample and the detector from the source can be varied. A user
has to select them carefully to avoid geometrical unsharpness due to finite focal spot size.
All possible pairs of yS and yD lay in the region restricted by lines in Fig. 3.3.
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Figure 3.1: Fresnel number NF dependence on structural component of size a. a) Plot
for two sets of measurements with different effective propagation distances (Tab 3.1), b)
plot for the spot size 0.8 μm, geometrical settings yS = 5 mm, yD = 300 mm, and for dif-
ferent X-ray tube voltages.
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Figure 3.2: Lshear/Llat dependence on structural component of size a. a) Plot for two sets
of measurements with different effective propagation distances (Tab 3.1), b) plot for the X-
tay tube voltage 50 kV, geometrical settings yS = 5 mm and yD = 300 mm and for different
spot sizes.
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Figure 3.3: Maximum detector position yD to avoid geometrical unsharpness for different
spot sizes.

3.2. Phase retrieval implementation

3.2.1. Matlab GUI
During her internship in RIGAKU company (Tokyo, Japan) in autumn 2018, the author
of the thesis studied propagation-based phase contrast imaging with the nCT system
RIGAKU nano3DX. She created a graphical user interface (GUI) in Matlab [3] for applic-
ation of phase retrieval on data from nano3DX. The program includes several algorithms
(Paganin algorithm – PA, Modified Bronnikov Algorithm – MBA, Bronnikov Aided Cor-
rection – BAC). In practice, a sample usually contains several materials, so it is difficult
to determine the exact physical value of parameters for phase retrieval. Therefore a test
mode for choosing optimal parameters is included. Up to the date of submitting of this
thesis, this GUI is being implemented into official RIGAKU software, and it will be
provided to customers in 2020.

In the main window of the GUI (Fig. 3.4a), in the panel Input files, the user se-
lects a .raw file containing projections. Data from the measurement from the .ctm file
with the same name are loaded to generate the input parameters for phase retrieval (di-
mensions of the file, wavelength, sample–detector distance, pixel size). It is possible to go
through the projections by the horizontal slider and select a slice for testing by the vertical
slider.

In the panel Choose mode, a mode for testing (on a slice or an projection) or execution
is selected. This choice enables one of the two panels. The Execution mode setting panel
(Fig. 3.4b) is used for performing phase retrieval on the whole .raw file with user-defined
parameters optimised in the Test mode. Phase-retrieved files called ..._phase_algorithm_-
parameter.raw and corresponding .ctm files are generated.

The panel Test mode setting is meant to find optimal algorithms and parameters
for the phase retrieval in individual measurements. The software can save all combinations
of interest as .tiff files or show them in another window (Fig. 3.4c). Phase retrievals
are showed either on projections or slices, according to the choice in the Test on panel
(if on slices, a user has to insert a correct centre of rotation). Before the window opens,
a user is asked to select a line and a material and background area to evaluate image
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3.2. PHASE RETRIEVAL IMPLEMENTATION

Figure 3.4: a)–c) graphical user interface in Matlab of a program, which implements phase
retrieval on data from nano3DX.
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3. PROPAGATION-BASED IMAGING

quality. The window contains two panels, with the original and phase-retrieved images.
In the latter, it is possible to move the slider to change the algorithms and parameters.
For each image, a histogram and a line profile are shown. Image evaluation parameters
SNR, absorption contrast, phase contrast and edge resolution, as they are introduced
in Sec. 2.3, are shown.

3.2.2. Optimisation of phase retrieval parameters
Methodology

The influence of phase retrieval parameter on resulting data is studied on a sample
of polyethylene rod with double-sided tape (PEDT) measured on nano3DX with sCMOS
camera in the Continuous scanning mode for 15 min with Cu target, SDD 1.5 mm, bin
2, linear voxel size 0.64 μm and 600 projections. The sample consists of two polymers
with slightly different density, which makes it a suitable sample for testing of PBI.
The slice reconstructed without phase retrieval is in Fig. 3.5. Areas for image evalu-
ation according to Sec. 2.3 are highlighted. The data were processed with phase retrieval,
Paganin algorithm, for δ/β values from 100 to 2800.

Results

Slices and details or a selected area are presented in Fig. 3.7 together with correspond-
ing histograms and line profiles. Several image evaluation parameters (Fig. 3.6) assess
the influence of the choice of phase retrieval δ/β parameter to image quality.

When the δ/β value is set very low (close to 100 or lower), the image is very similar
to the original image, as well as other characteristics. With increasing δ/β, the histogram
becomes multi-modal, edge-enhancement disappears, SNR and CABS increase and CPHC
decreases. These improvements make the data look better, less noisy, and the segmenta-
tion of individual parts gets easier. On the other hand, the value of edge resolution RE
increases with increasing δ/β and some of the details in the structure can be lost. Overall
blurring is visible in slices with δ/β above approximately 1500.

A closer look at the parameters can help to choose an optimal parameter for phase
retrieval. SNR improvement is not linear with increasing δ/β and from some value, here
about δ/β = 1000, it starts to saturate. CPHC does not decrease completely to 0, but there
is a minimum about value δ/β = 1000. This is related to the “sharpness” of the edge,
which is described by STDROD. It has a minimum about the values 800–1000 as well.

Based on this thorough analysis, δ/β in the interval 800–1000 should be chosen to reach
the optimal data quality with Paganin phase retrieval. It is slightly higher than the tab-
ulated value for polyethylene, δ/β = 780 [7, 9]. Using a similar analysis, it is possible
to choose an optimal parameter for phase retrieval in the CT measurements.
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3.2. PHASE RETRIEVAL IMPLEMENTATION

Figure 3.5: CT slice of the PEDT with highlighted areas for image evaluation.

Figure 3.6: Dependence of various image evaluation parameters (Sec. 2.3) on δ/β value
in phase retrieval (Paganin algorithm). The point δ/β = 0 corresponds to data without
phase retrieval. The data are shown in Fig. 3.7.

17



3. PROPAGATION-BASED IMAGING

Figure 3.7: CT slices of the PEDT (first row). Paganin phase retrieval algorithm was
applied with different δ/β values from 100 to 2800. For each image, a detail, a histogram
and a line profile (blue) with fitted Rodbard function (orange) are shown in second, third
and fourth column, respectively.
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3.2. PHASE RETRIEVAL IMPLEMENTATION

3.2.3. Comparison of phase retrieval algorithms
Methodology

The differences between four mostly used phase retrieval algorithms (Paganin al-
gorithm – PA, Modified Bronnikov algorithm – MBA, Bronnikov aided correction – BAC)
(Figs. 3.9, 3.10) are studied on a sample of polyethylene rod with double-sided tape
(PEDT) measured on nano3DX with sCMOS camera in the Continuous scanning mode
for 15 min with Cu target, SDD 1.5 mm, bin 2, linear voxel size 0.64 μm and 600 projec-
tions. The sample consists of two polymers with slightly different density, which makes
it a suitable sample for testing of PBI. The slice reconstructed without phase retrieval
with highlighted areas for image evaluation according to Sec. 2.3 is in Fig. 3.8.

Results

Slices processed with different algorithms (Figs. 3.9, 3.10) are accompanied with cor-
responding histograms (Fig. 3.11) and line profiles (Fig. 3.12). Several image evaluation
parameters are calculated (Tab. 3.2) to discuss the influence of the algorithms on data.

The PA and MBA strongly reduce edge enhancement (in comparison with the original
image, they have low values of CPHC, STDROD, high values of CABS) and increase SNR.
At the same time, the edge resolution gets worse for them as they filter out high frequencies.
Indeed, in the detailed images, the PA and especially MBA are the most blurred images
with some loss of detail. The BAC, on the other hand, preserves the details of the original
image and increases CABS as well. However, the histogram shape has only one peak, which
makes the segmentation difficult. The SNR increase is not as significant as in the case
of PA.

The relatively worst performance of the MBA can be explained by the invalid assump-
tion of a pure phase object since there is some X-ray absorption in the sample. Assumption
of a single-material object with the PA is reasonably valid (all parts of the sample are sim-
ilar polymers), hence the results are good and artefact-free. However, the BAC achieves
the smallest loss of resolution compared to original data. The authors in [10] compared
these algorithms on a sample of a spider stained with iodine and came up with a similar
conclusion. To sum up, when one needs to focus on resolving the details of the struc-
ture, the BAC is recommended. If an easy segmentation and further post-processing
is the priority, the PA is a good choice.

Table 3.2: Image evaluation parameters of CT slices of PEDT with different phase retrieval
algorithms.

Algorithm SNR CABS CPHC RE [μm] STDROD

without 17 0.04 0.17 0.02 1754
Paganin algorithm 27 0.47 0.05 1.01 601

Modified Bronnikov alg. 30 0.27 0.08 0.73 775
Bronnikov aided correction 16 0.17 0.11 0.08 1083
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3. PROPAGATION-BASED IMAGING

Figure 3.8: CT slice of the PEDT with highlighted areas for image evaluation.

Figure 3.9: CT slices of PEDT with different phase retrieval algorithms (Paganin al-
gorithm – PA, Modified Bronnikov algorithm – MBA, Bronnikov aided correction – BAC).
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3.2. PHASE RETRIEVAL IMPLEMENTATION

Figure 3.10: Details of CT slices of PEDT with different phase retrieval algorithms (Pa-
ganin algorithm – PA, Modified Bronnikov algorithm – MBA, Bronnikov aided correc-
tion – BAC).

Figure 3.11: Histograms of CT slices of PEDT with different phase retrieval algorithms
(Paganin algorithm – PA, Modified Bronnikov algorithm – MBA, Bronnikov aided correc-
tion – BAC).
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3. PROPAGATION-BASED IMAGING

Figure 3.12: Line profiles in CT slices of PEDT with different phase retrieval algorithms
(Paganin algorithm – PA, Modified Bronnikov algorithm – MBA, Bronnikov aided correc-
tion – BAC).

3.3. Optimisation of measurement parameters for PBI
with nano3DX

When performing absorption CT with nano3DX, the setting is rather simple – a detector
is placed close to a sample, a sample is centered so that the feature of interest is in the field
of view for all angles, and the exposure time is set so there is enough signal on the de-
tector. The minimal signal required for the data obtained with sufficient quality is defined
by the manufacturer of the CT machine. However, an optimal signal needed for PBI is not
defined. This study was designed to verify whether increasing exposure time or adjust-
ing the sample–detector distance has a positive, if any, effect on quality of PBI data.
Since PBI data are usually processed with phase retrieval, the main figures of merit are
the SNRgain and CABS, gain (Sec. 2.3).

Methodology

The light-element composite made of polyethylene matrix reinforced with carbon fibres
(CFRP) was used for the testing (the same sample as in Sec. 3.1.1). Two kinds of ex-
periments with nano3DX with the CCD camera were performed. The CT scans were
performed at two different SDDs (2 mm and 5 mm) with three exposure times each (9 s
corresponding to the signal defined by manufacturer, 12 s and 15 s) (Tab. 3.3a). Shorter
exposure times were avoided to exclude low signal data. Longer exposure times were not
tested since they are used only sporadically resulting in long measurement times. All meas-
urements were performed with bin 2, LPS 0.54 μm and 800 projections. The SDD 2 mm
corresponds to maximum SDD which is allowed to avoid geometrical unsharpness in this
case [7]. The second SDD, 5 mm, was longer than this one, relying on the premise that
advantages of bigger phase contrast outweigh or compensate the loss of resolution.

To further study limits of the machine’s settings, the second set of measurements was
proposed with only projections taken at distances 2 mm, 5 mm and 8 mm and exposure
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WITH NANO3DX

times 6 s (lower signal then recommended), 9 s, 12 s, 15 s and 25 s (longer exposure time
would result in saturation of the detector) (Tab. 3.3b). The measurements were performed
with bin 2, LPS 0.54 μm.

The Paganin phase retrieval was applied with δ/β ratio 780, the value for polyethyl-
ene [7, 9]. All slices had been normalised before image evaluation unless stated otherwise.
Applied image evaluation parameters are listed in Sec. 2.3. The evaluated areas are high-
lighted in corresponding CT slices and projections in Fig. 3.13.

Exposure time [s]
9 12 15

SDD [mm] 2 ✓ ✓ ✓
5 ✓ ✓ ✓
(a) CT scans

Exposure time [s]
6 9 15 25

SDD [mm]
2 ✓ ✓ ✓ ✓
5 ✓ ✓ ✓ ✓
8 ✓ ✓ ✓ ✓

(b) Projections

Table 3.3: Experiments designed to optimize PBI with nano3DX.

(a) (b)

Figure 3.13: Image evaluation regions of measurements of CFRP, a) CT slice, b) projec-
tion.

Results

In the data from CT scans, which were obtained in a relatively small range of SDD
and exposure times, there is no big visual difference either in original nor in phase re-
trieved slices. In projections data, a higher amount of edge enhancement is visibly present
at higher SDDs, and the decreasing amount of noise with increasing exposure time is no-
ticeable. This results in SNR increasing with exposure time. However, SNRgain is higher
for lower exposure times, which suggests that with use of phase retrieval, it is not ne-
cessary to increase exposure time in PBI measurement to get better results. It may be
possible to use a little bit lower exposure time than necessary in cases, where the radiation
damage could be a problem.
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3. PROPAGATION-BASED IMAGING

CABS or CABS, gain does not change significantly within a small range of exposure times.
For higher exposure times like 25 s, the contrast significantly drops. It is understandable
from the examination of histograms of individual projections. Peaks in histograms of non-
normalised projections are shifted to the right with increasing exposure time. From some
point, the response of the detector to incoming X-rays is no longer linear, and the contrast
between the sample and background decreases. It also means that peaks of a sample
and background are closer to each other in histograms of normalised projections.

SNRgain is, in general, bigger for lower SDDs. It is the opposite trend than in CT slices.
CABS, gain, on the other hand, is lower for lower SDDs. CABS does not depend on SDD
very much. Nevertheless, with increasing SDD, the data are more blurred due to finite
focal spot size, which is usually the more important issue.

Summary

The results of this study suggest that there is no substantial change in the quality
of phase retrieved PBI data if a user varies the experimental conditions in a small range,
which is reasonable for the actual measurement. It is possible to increase the exposure time
to get data with higher SNR, but one has to avoid using non-linear part of the detector’s
sensitivity, and the contrast and SNR gain is not very significant. For nano3DX, this
means keeping the exposure time as recommended by the manufacturer. It is acceptable
to increase the maximum allowed SDD restricted by geometrical unsharpness to obtain
more phase contrast, but only about a small amount (a few millimetres).

24



4. Applications

In this chapter, selection of CT measurements of various kinds of biomaterials is repor-
ted. Specifications regarding applied CT methods and/or staining are emphasized. Only
a limited number of images and results is included in this doctoral thesis summary.

4.1. Scaffolds with cells
In tissue engineering, scaffolds are used for healing of bone or cartilage defects. These
porous, biodegradable structures are implanted into the damaged region. The surround-
ing tissue will grow through the scaffold, and it transforms into the tissue itself, serving
as a reinforcement. This procedure is supposed to be less invasive for the patient since
the number of surgical interventions should be reduced. Imaging of scaffolds by X-ray com-
puted tomography brings 3D information about the success of creating scaffold structures
and seeding them with cells. It can be used for verification of the scaffold’s preparation
and cell’s behaviour within the scaffold, its adhesion and proliferation.

CT imaging of scaffolds with cells, distinguishing of cells from the scaffold and their
characterization are still the unsolved issues. Many studies have been made in this field,
both at synchrotrons ([11–18]) and with laboratory X-ray sources [19–22]. There are
various cases from both microCT and medCT categories. Some authors use staining
for increased contrast of the cells and/or scaffold.

Here, two different types of CT studies are presented. Imaging of individual cells
at very high resolution (Sec. 4.1.1) allows to study in detail the shape and contact area
of a single cell. Using worse resolution, but a larger field of view (Sec. 4.1.2), one can
observe 3D morphology of a region containing a lot of cells. It is possible to determine char-
acterictics such as volume fraction, contact area, wall thickness, etc., which subsequently
helps to understand behavior of the cells and their interaction with scaffold.

4.1.1. High resolution: single cell
This feasibility study shows nCT imaging of an individual cell within a collagen scaffold.
The measurement was made at the University of Jyväskylä at Erasmus stay in spring
2018. Phase retrieval is used to enhance the contrast of cell and its nucleus and scaffold.

Sample preparation and measurement

A collagen scaffold seeded with mesenchymal stem cells from human lipoaspirate cul-
tivated for six days and stained with tannic acid and uranyl acetate (TaUA) was measured
with Zeiss Xradia nanoXCT-100 described in Sec. 2.1. The sample was glued to a needle,
and the very top of the sample was scanned. The CT machine was set in the absorption
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mode with a large field of view (LFoV). The binning 2 was used to reach the linear voxel
size 130 nm. With 541 projections and exposure time of 10 s the scan lasted about 1.5 h.
For larger scanning times (several days), the sample was damaged, probably due to a high
X-ray dose. Paganin phase retrieval algorithm was applied to X-ray projections to enhance
data quality.

Results

The TaUA staining was more selective for the scaffold than for the cell (Fig. 4.1a).
However, the grey value distribution in the reconstructed data has Gaussian-like shape,
which makes segmentation of the scaffold and the cell difficult. As it was demonstrated
before, application of the phase retrieval algorithm (Fig. 4.1b) led to data with increased
contrast and different grey values distribution in histogram. From phase-retrieved data,
the cell and scaffold were segmented and visualised in 3D space. Moreover, the nucleus
of the cell is distinguishable in the CT slice (Fig. 4.1b).

Summary

This study shows the capability of the laboratory nCT device to image the cell within
the scaffold. TaUA staining and phase contrast enhancement are used to create a visible
contrast between both structures. Therefore it was possible to segment them and visualize
in 3D. Such a procedure can be useful for imaging of soft materials, where structures
with very similar X-ray absorption are to be imaged and analysed.

10 �m10 �m

CellNucleus

Scaffold

a)                                                b)

Figure 4.1: CT slice of the scaffold with a cell; a) original reconstruction (absorption
contrast), b) phase retrieved CT slice (phase contrast).
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4.1. SCAFFOLDS WITH CELLS

4.1.2. Large field of view: statistical evaluation

This study shows sub-micronCT analysis of scaffolds with cells with CT device nano3DX.
In comparison to the previous study, the goal here is to evaluate a bigger region with higher
amount of cells. The complete analysis of this sample was published in [23].

Sample preparation and measurement

Collagen porous scaffold seeded with rabbit mesenchymal stem cells (MSC) was stained
with OsO4. The CT measurement was performed with the RIGAKU nano3DX device with
a CCD camera with the following parameters: Cu target, field of view 0.7 mm × 0.9 mm,
binning 2, linear voxel size 0.54 μm, 800 projections, exposure time 10 s. The projections
were filtered using nonlocal means denoising filter. Movement artefacts were reduced
with a custom-developed movement correction technique based on the phase correlation.
Paganin phase retrieval was used to enhance the contrast between cells and scaffold. More
details in [23].

Results

Prior to the CT measurements, the scanning electron microscopy with an energy dis-
persive X-ray spectroscopy was used to verify the presence and positions of MSCs. Ele-
mental distribution of osmium showed an increased concentration on the cell’s surface.
Phase retrieval further increased contrast between cells and scaffold in CT data, so it was
possible to segment the cells based on different grey values.

The 3D render shows the distribution of cells throughout the scaffold (Fig. 4.2).
By visual inspection, it is possible to observe the shape and distribution of cells. Know-
ledge of cell’s proliferation is especially useful when samples with different cultivation
times are compared.

Figure 4.2: 3D rendering of a collagen scaffold with seeded MSC cells labeled in red colour.
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4.2. Porosity of open foam structures

Porosity is one of the most significant properties when describing individual samples.
It is defined as a ratio of air volume and total sample volume. There are many methods for
the determination of porosity, either in 2D or 3D – Archimedes method, scanning electron
microscopy, mercury porosimetry, gas pycnometry etc. [24] Among other techniques, X-
ray computed tomography is nondestructive and 3D, but limited in resolution [25, 26].
The best method is individual for each application, and it is often advantageous to use
more complementary techniques.

To obtain quantitative information of single, enclosed cavities (enclosed porosity,
Fig. 4.3a) in CT data is a prevalent task in the industry. Each pore is a separate
volume surrounded by the material. Information of interest includes a list of pores with
their sizes, volumes and positions, and morphological information about their distribution
within the bulk of the sample. In tissue engineering, the more common situation is when
the pores are interconnected within the structure (open porosity, Fig. 4.3b). The structure
itself is more like a network of thin walls rather than bulk filled with material. It is a case
of many biomaterial applications like foams and scaffolds. In this case, the software first
has to divide the pore space into single pores. Subsequently, additional information about
pore space can be obtained such as distribution, quantification and statistics of the areas
between the pores and the pore network.

To get quantitative information about open porosity in samples scanned with CT,
different software offers various approaches. A comparison of different software for open
porosity analysis of CT data was presented at the CEITEC PHD retreat II. conference [27].
The analysis of this type of samples in VGStudio MAX was published in [28]. Both studies
were performed on a sample of hydroxyapatite foam measured with GE phoenix v|tome|x
L240 (Sec. 2.1).

a)                                                     b)

Figure 4.3: Schematic drawing of a) enclosed and b) open porosity. In enclosed poros-
ity, each pore occurs separately. Open porosity is characterized by interconnected pores
creating one pore network.
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4.3. Correlation of CT data with 2D imaging tech-
niques

All imaging methods have their advantages and disadvantages, and all offer examination
from some point of view. For a complete description of a sample, it is often advant-
ageous to combine them via some multi-disciplinary approach. For biological specimens,
many authors combine CT measurements with optical microscopy images of histological
sections [29, 30] or transmission electron microscopy [31]. In material science, and also
tissue engineering, scanning electron microscopy is used [16].

CT can also be combined with other 3D methods. In medicine, CT is combined
with positron emission tomography [32, 33], or with magnetic resonance imaging [34, 35]
since those methods are more sensitive to different kinds of tissues and they may help
with artefact removal. Serial sectioning by focused ion beam with elemental or chem-
ical mapping by energy dispersive X-ray spectroscopy or electron backscatter diffraction
is used to describe CT data qualitatively [36–38]. Large-scale �CT images can be supple-
mented with CT images focused on some region of interest imaged with higher resolu-
tion [39].

In studies presented in this section, CT data do not give information about which
grey values correspond to which element or material inside the sample. The contrast
is based only on different properties of different parts of a sample in the X-ray region.
2D optical and electron microscopy are used as a reference for the interpretation of CT
data. Moreover, in Sec. 4.3.1, a sample holder for easier correlation of SEM and CT data
is presented.

4.3.1. nCT, SEM and LM of scaffolds
The collagen scaffold structure was observed using the nCT device RIGAKU nano3DX
and the scanning electron microscope (SEM) Tescan MIRA3. As a supplementary method,
light microscopy (LM) was used. Since all machines have different geometrical arrange-
ments, a sample holder compatible with nCT and SEM was designed. To locate precisely
the same regions of interest in all methods, a test of markers placed on the sample was
performed.

The study was presented by the author of the thesis at XRM 2018 conference and pub-
lished in [40], titled “Correlation of X-ray Computed Nanotomography and Scanning
Electron Microscopy Imaging of Collagen Scaffolds”.

4.3.2. CT, 3D EDS analysis and LM of limestone
Although this experiment does not refer to a biomaterial, it is a good example of cor-
relation of CT data with other methods. Combination of several methods on limestone
sample helps with identification of materials within the sample. The study was published
by the author of the thesis in [41], titled “Characterization of inner structure of limestone
by X-ray computed sub-micron tomography”.

Abstract

“Limestones are fundamental industrial and building materials. Sparry calcite as a prin-
cipal petrographic component of limestones can contain fluid inclusions. A certain amount
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of fluid inclusions directly influences decrepitation which plays an important role in de-
carbonisation processes.

In this paper, a limestone with a high content of fluid inclusions and carbon was
investigated. Presence of chlorine and alcalic elements was confirmed with microther-
mometry, mineralogical and chemical analyses. X-ray computed tomography with sub-
micron resolution (CT) was applied to obtain a 3D distribution of cavities. CT data
were correlated with some light microscopy images and also with the same sample’s tomo-
graphy data which were gathered using the 3D X-ray energy dispersive spectroscopy (3D
EDS) by a scanning electron microscope equipped with a focused ion beam (FIB-SEM).
The latter further determined dolomites and metals in the CT data of limestone.” [41]

30



Conclusion

The topic of the thesis reflects the current need of scientists to have a 3D, nondestructive,
high-resolution imaging method of investigation of soft samples to complement estab-
lished 2D microscopy techniques. Although the CT was originally developed for clinical
purpose, the straightforward application on smaller samples and with higher resolution
does not reflect the small X-ray absorption of soft tissues and their inclination to move-
ment. Therefore in many cases, special measurement protocols and methods or specific
post-processing procedures have to be adapted to be able to fully exploit all advantages
of X-ray computed tomography.

One of the challenges is that biomaterials often do not have enough contrast in X-
ray region to be measured with sufficient quality by common absorption CT. In such
cases, staining of samples or phase contrast imaging methods have to be used. The latter
is the method widely studied and exploited in the thesis. Propagation-based method
of phase contrast imaging with laboratory X-ray sources was studied on specific CT
devices. A theoretical description of the machines helps to understand its capabilities
of PBI and estimate its limitations. Several sets of experiments were performed to test
various theoretical statements regarding phase contrast theory and geometrical arrange-
ment. Application of phase retrieval on CT data was shown as a useful tool for enhancing
data quality. A graphical user interface for implementing and testing of phase retrieval
algorithms was designed.

To establish the CT technique as a standard examination tool, it has to be put within
the framework of methods already commonly used in practice and the advantages have
to be demonstrated on specific examples. Examples of image processing of CT data from
various machines were shown, including morphology characteristics, volumetric analysis,
and porosity analysis. Supporting 2D examination methods may be used as a qualitative
methods to determine the sample’s composition, whereas CT observes the whole sample
quantitatively. To demonstrate that such a correlation is possible and advantageous, two
case-studies presented a combination of CT, light microscopy, scanning electron micro-
scopy and 3D energy dispersive X-ray spectroscopy. A sample holder which fits both into
CT and SEM machines was designed to help with a mutual correlation of data.

The particular contribution of this work is the extension of expertise in phase con-
trast imaging within the Laboratory of X-ray micro and nano computed tomography at
CEITEC BUT. Implementation of this method on specific topics from material research
extends the possibilities of characterisation of materials, primarily in the field of soft ma-
terials. In general, this thesis contributes to the establishment of an X-ray computed
tomography technique as a common tool for 3D imaging and analysis of biomaterials.
The most important results presented in this work are published by the author in impacted
journals [7, 40, 41] and international conferences [27, 42] so the scientific community can
benefit from the findings.
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