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1 Introduction 

X-ray radiography and CT are widely known from clinical applications. However, 

nowadays it is applied in industry, for security applications and it is also widely 

used for purposes of science. Micro-CT is an advanced radiographic technique 

capable of visualizing the investigated object in the form of a 3D model 

with spatial resolution of tens of micrometers or even higher. Some laboratory 

setups are nowadays capable of reaching even sub-micrometer resolution [1; 2]. 

Micro-CT was quickly recognized as a versatile and valuable tool with a wide 

application range in biology or pre-clinical research – especially for imaging 

of small animals. Small animals, typically rodents, serve as a model of a human 

organism and allow indirect study of processes occurring in human body. Micro-

CT data provide valuable information useful for phenotyping, drug development or 

understanding of mechanics of a disease [3]. 

The present state of X-ray imaging is based on more than 120 years 

of development. The technology – radiation sources and suitable detectors – as well 

as the methodology approaches, have undergone huge progress. Despite the high 

level of state-of-the-art technologies, X-ray CT still suffers from several known 

limitations. One of the known issues is the inability of quantitative measurements. 

A standard CT scan is not capable of clearly identifying a certain material 

in the visualized object nor estimating its concentration. Furthermore, the detected 

signal quality is compromised by the presence of noise, especially by the so-called 

dark-current generated by an electronic circuitry of a detector. The presence 

of dark-current in the data decreases the contrast-to-noise ratio (CNR) 

and consequently degrades detectability of small structures.  

Both mentioned issues can be potentially solved by the use of photon-counting 

detectors (PCD). PCD is a novel technology for detection of ionizing radiation 

providing noise-less signal integration and with energy-resolving capabilities. It is 

believed that PCDs can provide 10 – 40 % higher CNR compared to conventional 

detectors and that novel CT imaging applications will be enabled in close future 

thanks to energy-resolving capabilities [4]. 

The aim of the thesis was the development of methods, data processing techniques 

and associated equipment for micro-CT using large-area photon-counting detectors 

(LAD) based on Timepix technology for applications in biology and pre-clinical 

research. 
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2 Goals of the Thesis 

Goals of the Thesis 

The main goal of the thesis is the development of methods and associated 

equipment for high-resolution and energy sensitive X-ray micro-CT of biological 

samples using large area photon-counting Timepix detectors. 

Partial objectives of the thesis are: 

Evaluation of imaging performance of Timepix detectors 

- An objective evaluation of the benefits of photon-counting technology for X-

ray imaging in comparison to state-of-the-art scintillator-based X-ray cameras 

Micro-CT with Timepix detectors for applications in 

biology and pre-clinical research 

- Development and testing of micro-CT methodology for scanning small 

animals and other biological samples 

- Development and implementation of custom tools dedicated for data 

processing of micro-CT data acquired with large-area Timepix detectors. 

- Utilization of enhanced contrast-to-noise ratio provided by photon-counting 

detector technology for X-ray imaging of soft tissue samples 

- Utilization of steep point-spread-function of Timepix detector for micro-CT 

with sub-micrometer resolution 

Spectral micro-CT with Timepix detectors 
- Testing of energy-resolving capabilities of large-area Timepix detectors 

for multiple-bin energy-sensitive micro-CT. 

- Implementation of data processing techniques for identification 

and quantification of material composition of scanned objects 
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3 State-of-the-art X-ray imaging detectors 

The origins of X-ray imaging were associated with fluorescent screens and film 

emulsions. Nowadays, digital detector technologies are utilized almost exclusively. 

A digital X-ray detector is usually a 2D array of pixels recording the intensity of 

incident radiation beam. The detectors can be categorized either based on detection 

principle or based on the way of signal processing. Considering the detection 

principle, X-ray imaging detectors utilize either principle of scintillation, when 

certain materials (i.e. CsI, NaI, or Gd2O2S) emit visible light after exposure 

to ionizing radiation, or direct conversion of ionizing radiation into electric signal 

(typically using semiconductor sensors). Considering signal processing, a detector 

can behave either as an energy integrator or as a photon counter. The signal 

of energy-integrating devices (EID) is created as a sum of deposited energy in each 

detector pixel, while the signal provided photon-counting detectors (PCD) is based 

on number of detected photons. 

Figure 1: Different principles of conversion of ionizing radiation into electric signal 

in a scintillator-based detector (left) and in a direct-conversion detector (right) result 

in different detected signal. The light diffusion in a scintillator causes image blurring while 

the high bias-voltage in the semiconductor sensor provides very sharp response 

of the detector. Image modified from [5]. 

Currently, most of X-ray imaging systems dedicated for high-resolution imaging 

utilize scintillator-based energy integrating detectors. Such detectors provide high 

pixel granularity, cost effective and easy to operate. On the other hand, 

the technology suffers from several drawbacks. The light flash generated 
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in the scintillator spreads evenly in all directions, which negatively affects 

the point-spread-function of the detector and consequently, the image sharpness 

(see figure 1 left). The EIDs provide limited CNR due to the presence of the so-

called dark-current. The contrast is further compromised by the energy-integration 

approach itself, as high-energy photons provide stronger signal but simultaneously 

a lower contrast [6].  

3.1 Photon-counting detector technology 
PCDs are direct-conversion devices that utilize a semiconductor sensor and 

a CMOS-based readout with an advanced signal-processing chain integrated 

in each individual pixel. Each pixel contains a pre-amplifier and at least one 

comparator and counter. The charge deposited by an incident particle is amplified, 

and compared to the user-adjustable threshold. If the threshold value is exceeded, 

the counter is incremented. The direct-conversion principle and data processing at 

detector level provide following features: 

- Steep point-spread function: High bias-voltage applied to the semiconductor 

sensor minimizes the diffusion of the charge carriers to undesirable directions. 

Consequently, sharper radiographic images are achieved (see figure 1 right). 

- Dark-current free photon-counting: Suppression of electronics noise 

provides an improved contrast-to-noise (CNR) ratio of the acquired data 

and, therefore, enhances detectability of low-contrast structures. Photon-

counting principle further improves the image contrast as each photon 

contributes to the overall signal by the same weight regardless of its energy. 

- Resolving of different energies in the incident X-ray beam: Adjustable 

energy-threshold in each pixel allows to measure data in user-defined energy 

windows. 

PCD is considered to be a very promising technology for future of advanced 

techniques of energy-sensitive radiography and CT, thanks to the mentioned 

features. The use of PCD technology in the clinical field is currently prevented 

by limited read-out speed of PCDs. While a typical PCD detector is capable 

of handlig photon income rate in order of 10
6
 – 10

7
 per second, the flux used 

for clinical imaging is approximately two orders higher [7]. Nevertheless, the first 

prototypes of PCD-based spectral CT scanners applicable for clinical use have been 

already introduced [4]. The beam flux delivered by sources used for micro-CT does 

is typically 10
4
 – 10

5
 photons per pixel per second, thus PCD technology seems 

to be more advantageous over EID [8]. 
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4 The used experimental apparatus 

This section summarizes the equipment used within the thesis for experimental 

work. The results demonstrated in the thesis were carried out at micro-CT 

laboratory of IEAP and at the Joint Laboratory for Experimental Imaging (JLEI) 

situated at the Third Faculty of Medicine, Charles University. The JLEI is 

a conjoint workplace of 3FM, IEAP and Faculty of Biomedical Engineering 

of the Czech Technical University in Prague. 

4.1 Hybrid-pixel photon-counting detectors Timepix 
Timepix is the second generation of hybrid-pixel photon-counting chips developed 

in the frame of Medipix Collaboration – an international partnership of research 

facilities centralized at CERN [9]. Institute of Experimental and Applied Physics 

of the Czech Technical University in Prague, where the thesis has been carried out, 

is one of contributing institutes. 

 

Figure 2: Schematic drawing of main components of a Timepix detector. Image modified 

from [10]. 

Each Timepix assembly consists of a common semiconductor sensor connected 

to a pixelated electronic read-out chip using a bump-bonding technology (see 

figure 2). The most common sensor material is silicon. However, several 

alternative semiconductor materials have recently emerged (CdTe, CdZnTe, GaAs). 

The main advantage of the newly available sensor materials is the improved 

detection efficiency compared to silicon. The read-out chip carries an array of 

256 × 256 pixels 55 µm in size each giving overall dimensions of approx. 14 by 
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14 mm [11]. Each pixel of the detector contains an integrated pre-amplifier, 

discriminator, counter and synchronization logic. The integrated electronics allow 

the detector to be operated in three different modes: 

- Medipix mode: particle counting mode; each detected event exceeding used-

adjusted threshold level increases the counter value by one 

- Time-over-threshold mode (ToT): The counter is used as Wilkinson-type 

ADC and allows direct measurement of deposited energy; the detector 

provides fully spectroscopic and position sensitive information 

- Timepix mode: The counter works as a timer; the detector measures time 

of arrival of incident particles. 

Figure 3: Examples of different detectors based on Timepix technology. (A) Timepix quad – 

silicon sensor, 512 × 512 pixels; (B) WidePIX2×5 – CdTe sensors, 1280 × 512 pixels; 

(C) WidePIX4×5 – silicon sensors, 1280 × 1024 pixels; (D) WidePIX10×10- silicon sensors, 

2560 × 2560 pixel. Image modified from an own publication [12]. 

4.1.1 Large-area Timepix detectors 

The sensor area of a Timepix chip is only 2 cm
2
, therefore, its applicability 

for routine imaging has been very limited. A lot of effort has been put into 

producing larger detectors. . The first steps in increasing the sensor size were so-

called Quad, Hexa and LAMBDA detectors. All of the mentioned solutions utilized 

a common sensor bonded to 2 × 2, 2 × 3 or 2 × 6 chips respectively [13; 14]. The 

Timepix Quad is shown in figure 3A. The maximal size of such solution is limited 

by dimensions and mechanical properties of a semiconductor wafer. 

A     B 

C     D 
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The introduction of so-called edge-less sensors has been a crucial step forward in 

the development of large-area detectors. Previously a chip was surrounded by 

a 500 µm wide insensitive guard-ring. Avoiding a guard-ring around a chip allowed 

tight assembling of individual detector units from three sides (three-side 

buttability). The fourth side is occupied by chip peripheries. The three-side 

buttability has been utilized by WidePIX technology developed at IEAP [15]. 

WidePIX technology builds rows of precisely aligned chips which are then 

assembled into 2D arrays. Adjacent rows are slightly tilted, so sensors of the first 

row cover peripheries of the second row etc. This way, a 2D PCD array with 

virtually no insensitive gaps is built. The largest detector created in this fashion is 

WidePIX10×10 which is built from 100 individual Timepix assemblies and provides 

continuous sensitive area of approx. 14 × 14 cm
2
 (2560 × 2560 pixels). Figure 3 B–

D shows WidePIX detectors built of 10, 20 and 100 individual assemblies, 

respectively. 

4.2 The available micro-CT systems 
The first available setup is equipped with X-ray source Hamamatsu L8601-01 

(5 µm focal spot, accelerating voltage up to 90 kV, 10 W output power). Figure 4 

shows the system with detector WidePIX5×10 installed. 

Figure 4: Micro-CT scanner equipped with X-ray tube Hamamatsu L8601-01 (5 µm focal 

spot) and WidePIX5×10. 

The other setup is equipped with a nano-focus X-ray tube FeinFocus FXE-160.51 

(figure 5). The maximal acceleration voltage is 160 kV and the maximal output 
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power is 10W. The positioning system of the setup allows the acquisition of data 

with a magnification factor higher than 200 (EPS approx. 270 nm). Nevertheless, 

the maximal true spatial resolution achievable by the system is approximately one 

micrometer due to the tube parameters.  

Figure 5: The nano-focus X-ray setup situated at IEAP micro-CT laboratory. Thanks 

to spacious shielded cabinet and nano-focus X-ray tube FeinFocus FXE-160.51 it is possible 

to acquire data with extremely high magnification factor and resolution below 1 µm (left); 

a detailed view into the setup with main components depicted (right). 

As IEAP is one of the research facilities contributing to development of Medipix 

detector technology its micro-CT laboratory utilizes a variety of different Medipix-

based detectors. The devices that are the most commonly used for X-ray imaging 

are: WidePIX4×5 (silicon sensor 1024 × 1280 pixels, FOV approx. 5.6 × 7 cm) and 

WidePIX5×10 (silicon sensor, 1280 × 2560 pixels, FOV approx. 7 × 14 cm). 

Furthermore, WidePIX2×5 with a CdTe sensor is available. The detectors are 

installed into the introduced micro-CT systems based on actual need. 

The JLEI has been equipped with a modified micro-CT scanner MARS (Medipix 

All Resolution System) dedicated for small animal imaging (see fig. 6 left). 

The device was originally designed by University of Canterbury, New Zealand 

[16], however, after installation in JLEI it underwent several major changes 

in the construction to improve its imaging performance. The system is currently 

equipped with X-ray tube KEVEX-PXS11 8012 (30 µm focal spot, voltage 40 –

 75 kV, maximal output power 11 W). The X-ray projections are captured using 

Timepix Quad detector with silicon sensor (four chips with a shared monolithic 

sensor; 512 × 512 pixels). The detailed view into the gantry is shown in the right 

part of figure 6. The gantry allows fluent change of magnification factor and thus 

to perform scans with EPS within the range of 28 – 44 µm (FOV 14.5 – 22.5 mm). 
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Figure 6: The MARS CT scanner operated at Joint Laboratory of Experimental Imaging 

(left); detailed view to the scanner gantry showing its arrangement (right). Image taken from 

an own publication [17]. 

Recently, the equipment of JLEI was extended by purchasing a commercially 

available micro-CT scanner. Therefore, nowadays, JLEI offers a Timepix-based 

small animal scanner and Bruker SkyScan 1275 equipped with 100 kVp X-ray tube 

and 3Mpix indirect CMOS-based flat-panel detector. The newly purchased micro-

CT system was used as a reference for evaluation of performance of LAD Timepix 

detectors. In addition, several reference measurements were carried out using 

Bruker SkyScan 1172 scanner [18]. The access to the device was a courtesy 

of the National Museum in Prague. 
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5 Results 

This chapter summarizes the results achieved within the frame of this thesis. 

Furthermore, it briefly mentions software and hardware tools dedicated for micro-

CT measurements developed in frame of the thesis. The presented applied results 

have been achieved in cooperation with the Third Faculty of Medicine, Charles 

University in Prague and Faculty of Science, Charles University in Prague 

(3FMUK), and National Radiation Protection Institute (NRPI). The use 

of laboratory mice was approved by ethical committee of the Third Faculty 

of Medicine, Charles University in Prague. The animals were treated 

with accordance to guidelines defined by Ethical Committee in decisions 

no. 246/1992 and no. 419/2012. 

5.1 Micro-CT of biology samples 
The thesis demonstrates the applicability of large-area Timepix detectors at diverse 

biological samples of different scales. The detector WidePIX5×10 allows scanning 

of whole mice in one exposure with spatial resolution below 30 µm. Further 

improvement of the resolution was achieved by implementation of a sequential 

scanning strategy. A sample exceeding the detector field of view is scanned 

in several partially overlapping datasets scanned with the sample being shifted 

along the rotation axis. The results of the partial scans are later co-registered 

and merged into the final volume. This is a typical case of the small animal scanner 

as the detector field of view is 22 mm only. 

Alternatively, a spiral scanning strategy can be used. Spiral CT allows, similarly 

as the sequential approach, the measurement of an object larger than the field of 

view of the detector (in direction parallel with the rotation axis). As the spiral CT 

scans the whole sample into a single dataset, the data processing becomes easier, 

and furthermore, it suppresses some common CT slice distortions as ring artifacts.  

An example of the results obtained from a cone-beam spiral scan using detector 

WidePIX4×5 is shown in figure 7. The image shows three selected micro-CT slices 

of mouse newborn stained in aqueous IKI solution (iodine concentration 

2.9 mg/ml) for 5 days. The sample was scanned with EPS of 12.5 µm, angular step 

1.55 degree and total of 2905 projections with table feed of 2 mm/360° was 

acquired. Iodine staining significantly enhances the radio-density of soft tissue 

and also improves differentiation of diverse tissue types based on different iodine 

affinity. 
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Figure 7: Micro-CT scan of a post-mortem iodine-stained mouse newborn scanned using 

WidePIX4×5 detector in spiral geometry. The tube was operated at 60 kVp, total number 

of 2905 projections with 1.55 degree angle step and table feed 2 mm per 360 degree. Voxel 

size 12.5 µm. A number of important anatomical structures was revealed due to contrast 

enhancements induced by iodine-based staining. 

Besides imaging of whole animals, a dedicated methodology for high resolution 

micro-CT scanning of ex vivo soft biology tissue was developed. Micro-CT 

imaging of small soft tissue samples has become known as virtual histology [19; 

20; 21; 22]. It typically relies on application of a high-Z contrast agent to increase 

the radio-density of soft tissue samples. Enhanced CNR achieved with Timepix 

detectors due to dark-current-free photon-counting allows these detectors to obtain 

detectable contrast in soft tissue, even without application of an exogenous contrast 

agent. The approach developed in cooperation with 3FMUK utilizes ethanol as 

tissue fixative. Positive effect of ethanol on soft tissue contrast in X-ray CT was 
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previously reported only in studies dealing with phase-contrast X-ray imaging [23; 

24; 25; 26].  

Figure 8: Micro-CT scan of an ethanol-preserved mouse brain reveals a number of clinically 

relevant anatomic structures. Acquisition parameters: Tube voltage 60 kV, current 100 µA, 

848 projections, acquisition time 3.6 s. per projection. Voxel size 4.4 µm. Image modified 

from an own publication. The data interpretation performed by skilled neuroanatomists is 

detailed in the published study [27]. 

Micro-CT of ethanol-preserved mice organs provided notable results, especially in 

the case of brain, heart, kidneys and liver. The EPS of scanned mice organs reached 

2.5 µm in some cases. The results of brain micro-CT (see figure 8) were compared 

with Allen Mouse Atlas Library [28]. The comparison resulted in identification of 

1 mm 
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42 white matter and 53 gray matter brain structures. The achieved scan resolution 

(< 5 µm) significantly exceeded the spatial resolution of available 3D mouse brain 

atlases. The highest resolution was approximately 32 µm, as these are usually based 

on nuclear magnetic resonance imaging [29]. Similar results have been obtained 

earlier by micro-CT techniques, but by using high-Z contrast agents in all cases 

or using phase-contrast imaging. The micro-CT slices presented in figure 8 provide 

comparable results as. some previously published studies based on use of iodine-

based contrast agents [30]. 

Figure 9: Micro-CT scan of a mouse hear sample reveals chordae tendineae – fine tendons 

keeping tension of heart valves. Tube voltage 70 kV, current 100 µA, 720 projections, 

acquisition time 5 s per projection. Spatial resolution 7.2 µm. Image modified from an own 

publication [31]. 

Micro-CT scans of mouse heart samples not only revealed the arrangement 

of ventricles and atria, but clearly showed also heart vortex – helical composition 

of muscle wall of ventricles. Furthermore, heart valves were successfully visualized 

Finally, chordae tendineae – fine tendons keeping heart valves under tension – were 

visualized (see figure 9). 3D visualization of mouse heart with such detail has been 

previously reported only by using phase-contrast CT at synchrotron facilities [31].  

 Timepix detectors have proven to be very convenient for operation in combination 

with nano-focus X-ray tubes for micro-CT scans with sub-micrometer resolution. 

The nano-focus tubes provide a very low beam flux due to power-density 

limitations of the target material. Acquisition of a single projection lasts at least 

1 mm 200 µm 



Results 

20 

several seconds but it can reach even minutes [1; 32]. EID technology suffers in 

this condition from integration of dark current. PCDs again profit from dark-

current-free operation and prolonged exposure time does not compromise the data 

CNR. 

Figure 10: Volume rendering of a foraminifera sample. The Micro-CT scan was carried out 

using WidePIX4×5 detector and with EPS of 690 nm. The sample was kindly provided 

by doc. RNDr. Katarína Holcová, CSc, Faculty of Science, Charles University. 

Figure 10 illustrates results of a research carried out in cooperation with Faculty 

of Science, Charles University in Prague. The image shows volume rendering 

of a sample of foraminifera scanned with EPS of 690 nm. Foraminifera are single-

cell organisms living mostly in the seafloor sediment or in plankton. Foraminifera 

build an external shell that is penetrated by a high number of openings used for 

streaming its ectoplasm outside the shell searching for food. The openings are 

clearly visible in the presented volume rendering. Micro-CT was in this case used 

for analysis of growth distortions of these creatures and provided unique 

opportunity to reveal inner arrangement of the shell. 
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5.2 Potential in vivo micro-CT in mice 
The potential applicability of available small animal micro-CT scanner (shown 

in figure 6) was addressed in cooperation with National radiation projection 

institute (NRPI). X-ray beam spectrum of the KEVEX-PXS11 8012 was simulated 

by NRPI and convenient beam filtration was suggested. Dose rate was 

experimentally evaluated after the implementation of the suggested beam filter 

using thermos-luminscent dosimeters. The estimated dose rate at the position 

of the sample was 2.1 mGy with the given X-ray spectrum (shown in figure 11). 

 

Figure 11: Simulated X-ray spectrum of the Kevex PXS11-8012 operated at 70 kVp, 150 µA 

with 250 µm aluminum filtration. The spectrum was simulated using SpekCalc software 

[34]. Courtesy of RNDr. Libor Judas, Ph.D., NRPI. 

Several studies focused on radiation dose effects in rodents have been published. 

It was shown that rodent can recover from doses of 250 – 500 mGy within a day 

[35]. Higher doses already may induce immunosuppression [36]. A standard 

absorbed dose in the case of a micro-CT of mice is in range of 100 – 300 mGy 

according to previously published studies [37; 38; 39]. The total scan time using 

the available small animal scanner should be within approximately 48 s – 240 s 

to maintain the absorbed dose from 100 mGy to 500 mGy. 
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Figure 12: Results of micro-CT scan with of pelvic area of PlastiMouseTM phantom acquired 

with EPS of 44 micrometers. The total scan time was 238 seconds and, therefore, 

the absorbed dose was proportional to 500 mGy. Unfortunately, 80 % of the dose was 

accumulated due time-consuming gantry positioning and for data read-out. 

The current construction limit of the small animal scanner does not allow 

performing a scan of a mouse with dose significantly lower than 500 mGy due 

to limited gantry speed. Figure 12 shows a slice of micro-CT reconstruction 

of a mouse phantom scanned into a dataset consisting of 195 projections with 

angular step of 1 degree and 250 ms acquisition time. The total scan time was 

238 seconds, therefore, the dose absorbed by the sample was approximately 

500 mGy. However, the actual data exposure only used approx. 20 % of the total 

scan time. The rest was accumulated uselessly during gantry positioning. It implies 

that direct use of the available scanner is possible but very limited due to inefficient 

dose handling. 

The possible solution being explored now is based on reducing the dose rate while 

the detector is not actively collecting data. Switching the tube off periodically is not 

possible due to slow rise-up of the source output power. The gantry speed can be 

hardly optimized without compromising the positioning accuracy. The total scan 

time, therefore, cannot be significantly reduced. A suitable solution might be 

an implementation of a fast mechanic shutter shielding the beam during data read-

out and gantry positioning. 

Set of experimental measurements evaluating achievable contrast-to-noise ratio 

(CNR) of CT slices, with respect to absorbed radiation dose, were carried out using 

the PlastiMouse
TM

. PlastiMouse
TM

 a phantom object dedicated for micro-CT 

quality assurance tests. It provides a perfectly reliable depiction of the mouse 

anatomy since it was made by plastination procedure from a real animal [40]. The 

phantom was scanned multiple times with different values of angular step and 

exposure time per projection. A total number of 112 micro-CT datasets 
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with angular sampling from 0.5° to 2° and exposure time within range from 0.25 to 

3 s per projection were evaluated. All measurements were carried out using 

a Timepix Quad detector with 300 µm thick silicon sensor. Figure 13 shows results 

of the measurements based on the assumption of an ideally functional beam shutter. 

It shows CNR between two different soft tissue types (skin and muscle) and CNR 

of bone with respect to muscle. The data are plotted in dependence on absorbed 

dose and projection angle step. The CNR value gets higher with increasing 

absorbed dose as could be expected. It can be also observed that CNR value is 

higher for finer angular sampling. 

Figure 13: Contrast-to-noise ratio of soft tissue (left) and bone (right) with respect 

to absorbed dose and projection angle step. 

The CNR of bone fulfills the Rose criterion (CNR>5; [41]) even for the lowest 

values of absorbed dose. Soft tissue requires a dose of more than 800 mGy to cross 

the criterion level. Therefore, it can be assumed that different types of soft tissue 

would not be resolvable using the tested detector. A detector with 300 µm thick 

silicon sensor was used for acquisition of the presented data. Therefore, 

a significant part of the beam is omitted due to quantum efficiency of silicon. 

The detection efficiency of the sensor is 22 % for given spectrum only. Utilization 

of a different sensor with higher detection efficiency would further improve 

the imaging performance. A CdTe sensor of 1 mm thickness would provide 

quantum efficiency exceeding 99 % for the given spectrum [42]. The measured 

data would then achieve the comparable CNR using 4times lower absorbed dose. 

Under such circumstances, the soft-tissue would fulfill the Rose criterion at dose 

Soft tissue CNR Bone CNR 
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level of 200 mGy and the X-ray imaging of bones would become feasible with 

absorbed dose lower than 20 mGy. 

5.3 Spectral micro-CT with Timepix 
Spectral-CT using PCD technology is understood as an X-ray imaging technique 

that is based on the binning of the incident X-ray spectra into a set of pre-defined 

energy windows by the detector logic. The thesis demonstrates the capability of 

large-area Timepix detector to quantitatively measure multiple materials within one 

object. The identification of specific materials within the CT slices is performed via 

addressing the absorption edges of targeted elements (absorption edge is an abrupt 

increase of linear attenuation coefficient situated at an element-specific 

energy).The four-channel basis material decomposition then resolves the spatial 

distribution of the targeted elements and provides information about its 

concentration. 

The presented results consist of a computer model and from experimental 

measurement conducted using a custom made phantom object. The model 

simulated the behavior of an X-ray beam while passing through a material with 

an absorption edge in its mass attenuation coefficient. The information provided 

by the model was used for setting parameters of the experimental measurement. 

Figure 14: A 3D model of the multi-material phantom object (left) and description of its 

content (right). The first chamber is filled with water while the remaining five were used 

for three different substances and their mixtures. The used substances represent three 

contrast agents visualized simultaneously within a single micro-CT scan. 

Figure 14 shows the phantom object and its layout. It consists of a 3D-printed 

holder and six polyethylene tubes filled with four different liquid compounds and 
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their mixtures. The first container was filled with water, while the remaining five 

were filled with aqueous solutions of Na2MoO4 and I+KI (atomic iodine 

and potassium iodine) and suspension of BaSO4 in agarose gel. All of 

the mentioned compounds contain an element with K-edge in energy range relevant 

for small animal imaging. The absorption edges energies are 20.0, 33.2 and 37.4 

keV for molybdenum, iodine and barium, respectively [43].The phantom represents 

a mouse with three contrast agents simultaneously applied. Water-filled chamber 

represented soft tissue and served as a reference for HU normalization after the CT 

reconstruction. 

 

Figure 15. The same CT slice of the phantom object formed from four different energy bins. 

The layout of the phantom object and the relative concentrations are denoted 

in right part of figure 14. The concentrations of individual substances were adjusted 

to be undistinguishable in a standard CT with a threshold of 5 keV and 70 kVp X-

ray spectrum. The sample was scanned with 4 different threshold values in each 

Energy bin 5 – 20 keV Energy bin 20 – 33 keV 

Energy bin 33 – 37 keV Energy bin 37 – 70 keV 



Results 

26 

angular position. The lowest threshold value was set to 5 keV, the remaining three 

addressed absorption edges of molybdenum, iodine and barium (20.0, 33.2 and 

37.4 keV). The projections with appropriate thresholds were subtracted to create 

energy bins. Each set of projections was individually processed and the 

reconstructed slices were converted to Hounsfield units (see figure 15). 

The reconstructed slices were then used as an input of self-implemented four-

channel basis material decomposition. The results of basis material decomposition 

are shown in figure 16.  

Figure 16: Material distribution maps provided by the four-channel basis material 

decomposition. The decomposition clearly differentiated individual targeted elements 

including composition of mixtures. 

The four channels represent distribution of water-like materials, molybdenum, 

iodine and barium. Different intensity levels can be observed in the case 

of molybdenum and iodine since these two solutions were mixed together. 

Figure 17 then shows a color CT slice formed from molybdenum, iodine 

and barium maps obtained from basis material decomposition. The basis material 

Water distribution map Molybdenum distribution map 

Iodine distribution map Barium distribution map 
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maps were used as individual color channels of an RGB image. The red, green 

and blue shades indicate presence of molybdenum, barium and iodine, respectively. 

The shades of purple are formed from mixture of molybdenum (red) and iodine 

(blue). The color slice clearly demonstrates the additional information provided 

by spectral micro-CT with a Timepix detector. The spectral micro-CT clearly 

resolves the composition of all phantom chambers while they are undistinguishable 

for a regular CT scan (Figure 17 right). 

Figure 17: RGB CT slice formed from molybdenum, barium and iodine maps (left) 

compared to a standard CT slice (right). Spectral CT successfully resolves substances that 

are undistinguishable in a standard CT scan. The red, green and blue shades indicates 

presence of molybdenum, barium and iodine, respectively. Mixture of molybdenum (red) 

and iodine (blue) produces shades of purple. 
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Conclusions 

The thesis summarizes the methods and data processing techniques developed for 

high resolution micro-CT scans of biological samples. It was shown that the LAD 

Timepix can be efficiently used for micro-CT of whole adult mice with a resolution 

of approximately 20 micrometers. Resolution of 12.5 micrometers was 

demonstrated at an example of contrast-stained newborn mouse. Important 

anatomical structures were successfully visualized in both cases. 

Potential applicability of available equipment for in vivo micro-CT was discussed. 

The tested small animal micro-CT scanner is currently capable of performing 

a micro-CT scan of mice with an absorbed dose of approximately 500 mGy. 

Construction modifications of the scanner needed for dose reduction have been 

suggested. It is expected that after implementation of planned upgrade the scanner 

will be capable of performing micro-CT scans of mice with dose deeply below 

200 mGy. 

PCD technology has proved to be especially convenient for X-ray imaging 

of an object with low intrinsic absorption contrast. Notable results were achieved 

in the case of high resolution scans of ex vivo mice organs. X-ray imaging 

of ex vivo soft tissue has become known as virtual histology. It typically relies 

on the application of a high-Z contrast agent to enhance the soft tissue radio-density 

and improve differentiation of various tissue types. The results presented in this 

thesis demonstrate that Timepix technology is capable of resolving fine structures 

within ethanol-preserved soft biology tissue even without further contrast staining. 

Micro-CT scans of brain, liver, heart and kidneys are presented. Micro-CT 

of ethanol-preserved brain with EPS of 4.4 µm revealed comparable anatomical 

structures as previously published studies utilizing iodine staining. Dehydration 

of tissue using ethanol is one of the standard steps of histology sample preparation. 

Virtual histology of ethanol-preserved samples with Timepix detectors could be, 

therefore, easily incorporated into a standard sample processing chain used in tissue 

histology and could be used for 3D visualization of tissue biopsies. Consequently, 

micro-CT could contribute to early detection of tumors or other pathologies 

in human body. 

The thesis further demonstrates micro-CT measurements with sub-micrometer EPS. 

It was applied to visualization of foraminifera shells. Foraminifera are single-cell 

marine organisms living in seafloor sediment or as a constituent part of plankton. 

The finest EPS used for these measurements was 550 nm. The smallest visualized 
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structures observed in these samples were the shell opening with 

approx. 2 micrometers in diameter. It is questionable whether this was given 

by spatial resolution limit of the system or by absence of smaller shell openings. 

Micro-CT with sub-micrometer precision puts enormous requirements, not only 

to the radiation source and the detector, but on the whole setup. Long-lasting scans 

require extreme accuracy and stability of the system mechanics. Effects like 

rotation stage wobble, drift of the focal spot or thermal expansion of system 

components can induce severe geometry artifacts to the data and can compromise 

the quality of the result. These sources of error have been addressed within the 

thesis and a solution based on image registration techniques is proposed together 

with several other software tools developed for improvement of CT data quality. 

The thesis further presents unique results of multi-bin energy sensitive micro-CT. 

Spectral CT resulting in multi-material decomposition using large-area photon 

counting detectors WidePIX have not been published so far. The work was focused 

on resolving of specific target elements within the scanned object based 

on identification of absorption edges. Such approach opens new possibilities 

for micro-CT with contrast agents. It makes it possible to carry out scans with 

several simultaneously applied contrast agents. It was shown that spectral CT is 

capable of identifying the individual contrast substances, separate them and even 

provide quantitative information on their concentrations. 

Future work will be focused on further development of multi-bin CT methodology, 

associated software and accessories dedicated for small animal imaging towards 

potential in vivo use. The available small animal scanner needs to be modified to be 

suitable for routine in vivo use. The upgrades are currently being implemented. 

Simultaneously, a new small animal scanner of own design and construction is 

under development. The construction design was made in 2018. All the needed 

construction parts should be available before the end of 2019. The scanner was 

designed to be used with detector WidePIX2×5. Therefore, it should be fully capable 

of scanning not only mice but also rats. 
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Summary 

The goal of the thesis was the development of methods for high-resolution and 

energy-sensitive micro-CT for use in biology and pre-clinical research with large-

area Timepix detectors. The results demonstrated the versatility of the used 

detection technology.  

High-resolution X-ray imaging with Timepix detectors has been successfully 

applied to diverse samples ranging from whole small animals to single-cell 

organisms. CT measurements with voxel size smaller than 600 nm have been 

carried out. Important results have been achieved especially in the case of micro-

CT of ex-vivo soft biology tissue. Dark-current-free photon-counting of Timepix 

detectors provided sufficient CNR to reveal fine structures of ex vivo mice organs 

without need to use an exogenous contrast agent. 

The thesis further presents unique results of spectral micro-CT carried out using 

a custom-made phantom object. Experimental results demonstrate the capability 

of simultaneous identification and quantification of multiple materials within 

the scanned object using self-implemented four-channel basis material 

decomposition. Such results achieved using a large-area photon-counting detector 

WidePIX have not been published so far. The ability of quantitative estimation 

of content of a target element can potentially open new application areas of CT 

imaging towards molecular imaging or simultaneous imaging of multiple contrast 

agents in  a single scan.  
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