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There are two possible outcomes:
if the result confirms the hypothesis,

then you’ve made a measurement.
If the result is contrary to the hypothesis,

then you’ve made a discovery.
— Enrico Fermi

...To those who were always there for me...
...In Brightest day, In Blackest night...



A B S T R A C T

The development of a wide and highly efficient variety of instrumentation
techniques in Particle Physics research has motivated scientists to look for appli-
cations of these elements. The MediPix2 detector is a “High spatial, high contrast
resolving CMOS pixel read-out chip working in single photon counting mode”
[5] developed at CERN in order to share the technology of the LHC accelerator
experiments with other scientific areas. This work explores the feasibility of this
detector for X-Ray Vascular Imaging procedures through the study of vessel-like
phantoms’ images, and the comparison of the measurements to a Monte Carlo
simulation (ROSI).

The first part of this document is a brief look at the general elements of
Medical Imaging, X-Rays production and detection, and Vascular Imaging. In
second place, the MediPix2 features and preliminary tests are shown and an
introduction to ROSI is given. Then, the setting and experimental procedures are
explained, and the results of the tests are presented. Finally, some conclusions
about the work are made, and future possible studies are suggested.

Key Words: Radiology, X-rays, MediPix, Semiconductor Detectors, ROSI, An-
giography, Medical Imaging.

R E S U M E N

El desarrollo de una amplia y altamente eficiente variedad de técnicas de instru-
mentación para investigación en Física de Partículas ha motivado a los científicos
a buscar aplicaciones de estos elementos. El detector MediPix2 es un “Arreglo
de detectores de pixel basados en tecnología CMOS trabajando en modo simple
de conteo, con alta resolución espacial y capacidad de contraste”[5] desarrol-
lado en el laboratorio CERN con el propósito de compartir la tecnología de los
experimentos del acelerador LHC con otras áreas del conocimiento científico.
Este trabajo explora la factibilidad de este detector para llevar a cabo imágenes
vasculares con Rayos-X, a través del estudio de imágenes obtenidas de fantomas
angiográficos, y la comparación de las medidas con una simulación en Monte
Carlo (ROSI).

La primera parte de este documento es una vista rápida a los elementos gen-
erales en obtención de imágenes médicas, detección y producción de Rayos-X, e
imágenes vasculares. En segundo lugar, se muestran las características y pruebas
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preliminares con MediPix2 y se hace una introdución a ROSI. Luego, se explican
el montaje y los procedimientos experimentales realizados, y se presentan los
resultados de las pruebas. Finalmente, se hacen algunas conclusiones sobre el
trabajo, y se sugieren posibles estudios futuros.

Términos Clave: Radiología, Rayos X, MediPix, Detectores semiconductores,
ROSI, Angiografía, Obtención de Imágenes Médicas.
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Part I

I N T R O D U C T I O N



1
M E D I C A L I M A G I N G

1.1 an introduction

The area of medical imaging is mainly interested in studying and applying the
knowledge about the interaction of energy with the human body, its detection,
and the later processing of the generated distributions. Different forms of en-
ergy are used for medical imaging: Visible light has a very limited capability
to penetrate tissues, and it is used for superficial studies like endoscopy or
dermatology. High frequency sound waves are used for ultrasound imaging.
The electromagnetic spectrum outside the visible light range is used for x-ray
imaging, nuclear medicine, and magnetic resonance imaging.

The information obtained in medical imaging processes emerges mainly from
two possible ways of interaction: Direct energetic interaction with the patient’s
body (absorption, scattering, etc.), and physiological or metabolical interactions
due to a contrast agent. The first one is characteristic of all imaging processes but
nuclear imaging, and it provides strictly morphological information. The second
type of interactions works for nuclear imaging processes where a radioactive
agent is put into the patient and it reacts with the element of interest, providing
not only morphological but also physiological information about it.

It is important to notice that the requirements in medical physics are limited by
patient safety. Optimization of the image acquisition is the basis of the efficiency
of medical imaging: The quality of the image is as important as the health of the
patient. Higher energy levels and better statistics are desired in particle physics,
but in medical physics these characteristics are ideal but not necessary. The
radiation dose is a deciding factor in every imaging procedure.

1.2 medical imaging modalities

1.2.1 X-Ray Radiology

The beginning of diagnostic radiology goes back to 1895, when Wilhelm Roent-
gen discovered X-rays. This modality defined the field, and it has turned into the
most used radiologic technique worldwide. A common X-ray procedure consists
on an X-Ray source on one side of the patient, and a flat detector on the opposite
side. A homogeneous X-Ray beam comes into contact with the patient, but a
heterogeneous and attenuated distribution goes out on the other side because of
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4 medical imaging

the various scattering and absorption processes inside the body. This radiation
can be detected with a photographic film or an electronic detector system. Other
common forms of X-Ray radiology are real-time imaging through fluoroscopy,
and mammography for breast imaging.

Figure 1: Abdominal Computed Tomography. http://www.capitalhealth.org/images/
CT_Abdomen_Ser3.jpg

Computed Tomography (See figure 1) is a technique that produces a picture
(-graph) of a slice (tomo-). A X-Ray tube and a detector on the opposite side
rotate around the body, and they take a large number of images at different
angles to collect the transmission projection data. One of the most important
things about CT Scan is its ability to avoid the imaging of over- and underlying
structures, reducing the need for exploratory surgery.

More specific information about X-Ray Radiology is given in chapter 2.

1.2.2 Ultrasound Imaging

In this technique short-duration and High-frequency sound waves are produced
by an ultrasound transducer to interact with the imaged tissues. The echoes
(reflected sound waves) produced by internal structures in the body are recorded
by the transducer over a range of angles, and the resulting images reproduce
the shape of the desired sector. The most valuable feature of this modality is
its low harmful effect, which is also smaller than the one produced by ionizing
radiation. Some interfaces between tissue and bone or tissue and air are highly

http://www.capitalhealth.org/images/CT_Abdomen_Ser3.jpg
http://www.capitalhealth.org/images/CT_Abdomen_Ser3.jpg


1.2 medical imaging modalities 5

echoic, making ultrasound imaging inside them inefficient. On the other hand,
this technique is commonly used to obtain images of the surfaces and internal
structures of abdominal organs (Which makes it useful for growing fetus imaging.
See figure 2 ). Blood flows can also be measured through the analysis of the
Doppler Effect caused by the incident waves.

Figure 2: Ultrasound Image of a baby. http://digitalleon.com/blog/wp-content/

uploads/baby-ultrasound-side-small.jpg

1.2.3 Nuclear Imaging

This technique images are “emission images”-unlike the ones produced by other
imaging modalities- i.e. A radioactive isotope is given to the patient, and the
emitted radiation from inside the body ( Gamma and/or X-Rays) is detected.
This radiation comes from the agent’s distribution according to the physiology of
the patient. Nuclear images are functional, they do not only provide information
about the anatomy of the patient but about his/her physiology too.

Nuclear medicine images can be 2-Dimensional or 3-Dimensional. Planar
Images are 2D maps of the radioisotope activity along a line projected through
the patient. Another form to produce 2D images is by aligning the spin of the
hydrogen nuclei of water molecules in the body with an electromagnetic field at a
certain frequency, and then shutting it down to produce photons with an energy
equivalent to the difference between the excited level and the spin-down state.
This technique is called Nuclear Magnetic Resonance (NMR), and a volumetric

http://digitalleon.com/blog/wp-content/uploads/baby-ultrasound-side-small.jpg
http://digitalleon.com/blog/wp-content/uploads/baby-ultrasound-side-small.jpg


6 medical imaging

reconstruction can be used to generate 3D images from NMR produced slices
too.

3D images can also be produced by two different techniques: Single Photon
Emission Computed Tomography (SPECT), and Positron Emission Tomogra-
phy(PET). In SPECT, gamma-ray distributions produced by a radioisotope are
detected by cameras and collimated to establish their exact origin, and the ob-
tained slices are reconstructed to produce a 3-Dimensional image. On the other
hand, PET is based on the representation of the activity of positron-emitting
nuclides in the patient: When a positron is annihilated by interacting with an
electron in the body, two opposite-directed photons are generated, and the
analysis of coincident detections is used to obtain their original trajectory. These
paths form 2D images of the internal structure of the patient, and it is possible to
reconstruct a 3D image from them. Some examples of images acquired through
nuclear imaging are shown in Figure 3.

Figure 3: An NMR image (Up), and two SPECT images (Down) of a hu-
man brain. http://www.colin-studholme.net/research/ipag/mrdspect/

mrspect_files/mrspect1.jpg

1.3 medical imaging properties

1.3.1 Contrast

Contrast corresponds to the difference in the gray scale of an image. Significant
transitions between light gray and dark gray in an image demonstrate high

http://www.colin-studholme.net/research/ipag/mrdspect/mrspect_files/mrspect1.jpg
http://www.colin-studholme.net/research/ipag/mrdspect/mrspect_files/mrspect1.jpg


1.3 medical imaging properties 7

contrast. The contrast percentage between two different zones A and B in an
image is given as:

C(%) =
A−B

A
∗ 100% (1.1)

Where A is the reference zone which we want to compare B to.
In X-Ray imaging, contrast is produced due to differences between the local

x-ray absorption coefficients of the materials. The absorption coefficient depends
on the density and the effective atomic number. The energy of the x-ray beam
also affects contrast in images acquired using this technique. This property might
be enhanced for some specific structure by resorting to a radiopaque agent.

1.3.2 Spatial Resolution

Spatial Resolution refers to the ability to resolve fine details in an image. An
Imaging system has a higher spatial resolution if it can demonstrate the presence
of smaller objects in the image. The spatial resolution limits for an imaging
modality are established by the wavelength of the energy used to probe the
object.

The systematic limitations to the spatial resolution for contrast based x-ray
imaging -even if the energy wavelength provides a wide range- are the size of
the detectors and the focal spot of the source.

One of the most complete sources of information about the physics of medical
imaging and the main reference for the theoretical elements of this work was [3].



Part II

T H E O R E T I C A L B A S I S



2
X - R AY S

X-rays are a form of electromagnetic radiation. They are not in the visible range,
and the energy of their photons may vary between 0.12 KeV and 120 KeV. These
energies correspond to wavelengths from 10 to 0.01 nanometers (See figure 4).

2.1 electromagnetic radiation

The electromagnetic radiation refers to massless energy traveling through matter
or vacuum. This form of radiation has a constant speed in a medium, and
it is not affected by either magnetic or electrical fields. The speed of the EM
radiation is a function of the transport characteristics of the medium. There are
two possible forms of interaction with matter: Absorption or scattering. The
main characteristics of this form of radiation are its frequency, wavelength, and
energy per photon ( See Figure 4 ).

In diagnostic imaging, four EM radiation forms are used: Gamma rays (Pro-
duced within the nuclei of radioactive atoms and used in nuclear medicine),
X-rays (Produced outside the nucleus and used in radiology), Radiofrequency (
Used as a transmission medium in MRI), and visible light ( Used for the analysis
of acquired images).

EM radiation behaves according to the wave-particle duality, i.e. it can be
studied either as a wave or as a particle in some aspects. The speed (c) of an EM
wave is given as c = λν, where λ is the associated wavelength, and ν its frequency.
Otherwise, when EM radiation exhibits particle-like behavior these bundles of
energy are called photons, and their energy (E)is given as E = hν = hc/λ, where
h corresponds to Planck’s constant. The energies of photons are commonly given
in terms of electron volts (eV).

2.1.1 Forms of radiation

2.1.1.1 Ionizing radiation

This radiation corresponds to EM radiation with frequencies higher than the
near-ultraviolet region of the spectrum. It carries enough energy per photon to
produce ionized molecules and atoms by removing bound electrons from atomic
shells. Some examples of this radiation are X-rays, gamma rays and ultraviolet
radiation.

11



12 x-rays

Figure 4: The complete EM spectrum. http://www.upei.ca/~phys221/mbrookshaw/

Glossary/complete_em_spectrum.JPG

2.1.1.2 Non-ionizing radiation

Radiation with energies below the far-ultraviolet spectrum is called non-ionizing.
Some examples of this radiation are infrared, radio and visible light. The thresh-
old ionization energy depends on the radiated material.

2.1.2 Radiation from electron transitions

Energetic particles or x-rays or gamma ray photons can remove an electron from
its atomic shell in a material. This event produces an “electron cascade” where
vacancies in shells are filled by more energetic electrons from a higher shell. The
difference between the original and final energy of an electron in a transition is
released by the atom as Auger electrons or characteristic X-Rays.

The fluorescence yield (ω) is the probability that the electron transition from
one atomic shell to another will result in characteristic x-rays, this value is
characteristic for each material. Auger emission is common for low Z elements
and the transitions of the outer shells of heavy elements.

http://www.upei.ca/~phys221/mbrookshaw/Glossary/complete_em_spectrum.JPG
http://www.upei.ca/~phys221/mbrookshaw/Glossary/complete_em_spectrum.JPG
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2.1.2.1 Auger Electrons

The energy released by the electron cascade may be transferred to another
electron in the same orbital, this electron is called an Auger electron (A.e.). The
kinetic energy of the A.e. corresponds to the difference between the transition
energy and its original binding energy.

2.1.2.2 Characteristic X-rays

Characteristic (or fluorescent) X-rays are produced from transitions between with
energies higher than 100 eV. The energy of these rays depends on each atom, due
to the binding energies’ dependence on the atomic number. The nomenclature
of the characteristic radiation is given by two parts: The first one is the name of
the shell where the vacancy originally appeared (K,L,M...), and the second one
depends on how adjacent the electron that fills the vacancy is ( α,β...in order of
proximity). For example, the L→ K transition is called Kα , M→ K transition is
Kβ , and so on.

2.2 x-rays mechanisms of interaction with matter.

Photons will scatter, be absorbed or penetrate as they traverse matter. The four
major mechanisms of interaction of X-rays with matter are Rayleigh scattering,
photoelectric absorption, Compton scattering and pair production, but only
the first three are relevant in medical imaging. Pair production occurs only at
x-ray energies over 1.02 MeV , such amount of energy is too high for imaging
procedures.

2.2.0.3 Rayleigh scattering

This scattering is characteristic of x-rays with very low energies. The incident
photons excite the total atom by making all the electrons to oscillate in phase due
to the interaction with their electric field. The energy produced in this interaction
is emitted as a photon with the same incident energy but in a different direction.
The detection of these scattered x-rays may cause some distortions in the final
image. For example, in imaging of soft tissues at approximately 30 KeV -as in
this work- 10% of the interactions are Rayleigh scattered.

2.2.0.4 Photoelectric absorption

In the photoelectric effect, a photo-electron is ejected from the atom with an
energy equivalent to that of the incident photon minus its original orbital
binding energy (Ee = E0 − Eb). The binding energy of the ejected electron will
be lower than -but probably the closest to- the energy of the incident photon.
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Photoelectric absorption is the primary mode of interaction of diagnostic x-rays
with radiographic contrast materials.

2.2.0.5 Compton Scattering

In Compton Scattering, an incident photon interacts with an outer shell electron,
then, the electron is ejected and the photon is scattered with a reduction in
energy. This process is predominant for interactions of diagnostic energies with
soft tissues. The energy of the scattered photon will be given as:

Ef =
EO

1+ EO
511KeV (1− cos(θ))

(2.1)

At low energies, almost all the energy of the incident photon is transferred
to the scattered one. The scattered photons can traverse the sample without
interacting, or interacting with another atom through any of the interaction
mechanisms that have been mentioned. These conditions contribute to possible
distortions in the image because the scattered photons have practically the same
energy as those who only suffer attenuation effects do, and their detection makes
it difficult to differentiate tissues.

A deeper analysis about x-rays, their production, interactions and experimental
handling is provided by Dyson [6] and Leo [18].



3
VA S C U L A R I M A G I N G A N D D O S I M E T RY

3.1 what is angiography?

Angiography is a diagnostic procedure used to image blood vessels in the human
body. As the attenuation properties of tissues inside and outside the vessels are
very similar, it is necessary to inject the patient with a contrast agent that makes
the vessels’ localization and characterization easier (See Figure 5).

The contrast agent (C.A.) is usually a solution with iodine concentrations
between 200 and 300 mg/ml. This solution is injected near the area of interest
and the patient is imaged once or in real time. Angiograms are mainly used to
identify morphological abnormalities in blood vessels.

The big issue about angiography is the need for a long exposure time: X-rays
are needed during the whole location of the area of interest and while the
final image is acquired. The whole exposure time (∼ 20 mins) implies a dose of
approximately 1 Gy. On the other hand, the toxic nature of iodine may affect the
patient’s health too.

Figure 5: Coronary Angiography. http://www.ispub.com/ispub/ijtcvs/volume_10_

number_2_1/

15
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3.1.1 Digital Subtraction Angiographies

This technique requires two images to perform a digital substraction and extract-
ing the contrast injected blood vessels without the presence or effects due to
other non-relevant tissues. The nature of the two images depends on the image
production technique: Digital Substraction Angiographies may be Temporal
Digital Subtractions or Dual Energy Subtractions.

3.1.2 Temporal Digital Subtraction

In this technique, one image is acquired before the C.A. injection and another
one after it. The first image is subtracted from the second one, eliminating
those tissues that were not affected by the Contrast Agent. The issue about this
technique is that even though the final image is produced due to the absorption
effects of iodine, a high portion of energy was deposited on the tissues that have
been ignored. A dose reduction may be suggested by filtering the x-ray source
for photons with energies near the K-edge, but it would reduce the Signal to
Noise ratio considerably in the final image.

3.1.3 Dual Energy Subtraction

To perform a Dual Energy Subtraction (D.E.S.) Angiography, the two image
acquisitions correspond to energies near below and over the C.A. K-edge. The
first image is subtracted from the second one, eliminating the tissues that are
not of interest. The advantage of the D.E.S. is that the time between the two
acquisitions is reduced, avoiding effects due to the diffusion of the contrast agent
or patient movements. Furthermore, the dose is reduced because there is no
need to expose the patient to x-rays before the injection.

Additional information about post-processing techniques for digital angiogra-
phies can be found at [11] , [29],[28], [27], [20].

3.2 dosimetry

In medical physics, the quantity of radiation received by the patient is called
Dose. This factor is important because a high amount of energy is harmful for
the patient.

The measurement of the dose is made using different units. These units are
either the amount of energy deposited in the material when the atoms are
excited, or the quantity of ionization produced after the x-rays interact with the
area of interest.
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3.2.1 Biological effects

The ionizing power of radiation in matter can damage living cells directly by
creating chemical radicals from water molecules or breaking chemical bonds
of important molecules. Cells can repair themselves, but if the damage due to
radiation is considerable, either they die, they generate permanent alterations of
their genetic material, or they suffer of alterations in their regular functions.

3.2.2 Dose units

3.2.2.1 Amount of Ionization: Roentgen

A Roentgen is a measure of the exposure. This quantity is defined to measure the
action of gamma or X-rays in air -specially the amount of ionization-, therefore,
it is not useful to measure the dose when the irradiated object is living tissue.
1 Roentgen (R) = (2.58× 10−4 Coul/Kg ) in air.

3.2.2.2 Absorbed dose: Gray and Rad

The Gray is the unit of measurement of the absorbed dose. The absorbed dose
corresponds to the total energy absorbed per unit mass.
1 Gray (Gy) = 1 Joule/kg.
This unit is the the most used in radiological protection, but an older unit that

might be used at some point is the Rad.
1 rad = 100 erg/g = 0.01 Gy.
The absorbed dose does not give information about the irradiation rate or the

specific type of radiation.

3.2.2.3 Relative biological effectiveness: The weighting factor

The damaged caused by radiation depends strongly on the radiation type and its
energy. A radiation weighting factor (wR) is an estimate of the effectiveness per
unit dose of a given radiation. The effectiveness corresponds to the amount of
possible damage, and it is proportional to ionizing power of the incident particle
per unit length. These factors are given in Table 1.
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Radiation Type and Energy Radiation weighting factor

Photons, all energies 1

Electrons and muons, excluding Auger electrons 1

Neutrons

<10 KeV 5

10 KeV to 100 KeV 10

>100 KeV to 2 MeV 20

>2 MeV to 20 MeV 10

>20 MeV 5

Protons, excluding recoil protons, >2 MeV 2-5

α particles, Fission fragments, Heavy nuclei 20

Table 1: Radiation weighting factors

3.2.3 Equivalent dose: Sievert and rem

The equivalent dose is a normalized measure of the biological effect of radiation
on a tissue. It results from multiplying the weighting factor by the average
absorbed dose received over the entire tissue R.

Equivalent dose = HT = wR ×DR
If there is more than one radiation type, the equivalent dose for every tissue

and type are added:
HT =

∑
RwRDT ,R where DT ,R is the average absorbed dose received by a

tissue T from the radiation type R.
A Sievert (Sv) is the unit for equivalent dose, it has the same dimensions as the

Gray but is is not a directly measurable quantity. Using a Sievert indicates that
the dose has been normalized due to the relative biological effectiveness. The
Rem is another unit for the equivalent dose, it is equivalent to 1× 10−2 Sievert.

3.2.4 Effective dose: The tissue weighting factor

The probability of developing biological effects also depends on the tissue which
receives the radiation. A tissue weighting factor (wT )is defined for different
tissues of the body (See some of them in Table 2).
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Tissue or organ Tissue weighting factor

Gonads 0.20

Bone Marrow 0.12

Colon 0.12

Lung 0.12

Stomach 0.12

Bladder 0.05

Breast 0.05

Skin 0.01

Liver 0.05

Oesophagus 0.05

Bone surface 0.01

Thyroid 0.05

Remainder 0.05

Table 2: Tissue weighting factors

The effective dose is defined as:
E =

∑
T wTHT

The effective dose is correlated to the probabilities of developing harmful
effects. This quantity is measured in Sieverts too.
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T H E M E D I P I X 2 S E M I C O N D U C T O R D E T E C T O R

The information in this chapter is mainly based on the one provided by Llopart
in [19], and by PixelMan’s web page [22].

4.1 semiconductor detectors

Semiconductor detectors are built using crystalline semiconductor materials. The
main materials are germanium and silicon. These devices have been in constant
development since the 1960 ′s due to their high resolution and energy solving
features. In high energy, physics, they are of great interest to perform gamma
spectroscopy or as particle track detectors.

Semiconductor crystals work as a detector, placing a voltage between opposite
sides of the crystal. When ionizing radiation interacts with the detector, electrons
are excited and a current flow is generated. This current is large, but the current
induced by the applied voltage is much larger, demanding a solution to make the
radiation-induced current recognizable. To solve this problem, the crystals are
doped with impurities to make it act as a diode. If these impurities have a higher
number of electrons than the crystal (providing electrons in the conduction
band), the material will be an n-type. Otherwise, if the number of electrons
in the impurities is lower than the number of electrons in the semiconductor
(creating holes at the valence band), it is called a p-type material. Semiconductor
diodes are semiconductor crystals with a junction between n-type and a p-type
materials.

The external voltage is applied with an opposite polarity to that of the diode
(negative on the p-type side, and positive on the n-type side). This form to
apply the voltage is referred to as reverse bias. The charge carriers are drawn
away from the n-p junction, and then most of the electric current stops flowing.
When photons interact with the diode, hole-electron pairs are created. The
electrical field in the depletion region takes the electrons in the conduction band
to the n-type side, and the holes towards the p-type side (See Figure 6). An
instantaneous pulse of current is generated after this interaction. The amount
of charge contained by this pulse is proportional to the energy deposited in the
detector, this is the reason why semiconductor detectors work as spectrometers.
This electric signal is amplified and converted to a digital signal that can be
processed by a computer.

21
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Figure 6: Diagram of a semiconductor detector.http://nsspi.tamu.edu/NSEP/basic_
rad_detection/semiconductor/image3.jpg.

The creation of electron-hole pairs requires a ten times smaller amount of
energy than other detectors, and this results in an enhancement of the energy res-
olution regarding other techniques. Semiconductors also have a higher stopping
power than other detectors and their response times are faster. These detectors
are very sensitive to thermal energy effects (it could rise electrons from the
conduction band and generate signals that are not related to the interaction),
silicon is widely used due to its performance at room temperature.

4.2 the medipix2 mxr detector

The MediPix devices are a family of semiconductor detectors developed by an
international collaboration leaded from the CERN laboratory [5]. The develop-
ment of these devices was motivated due to the low noise levels obtained in
measurements from silicon detectors built for the LHC, and their ability to detect
X-ray signals in a single photon counting mode (MediPix1 collaboration).

The MediPix2 was built to improve some features of MediPix1, and to en-
hance its spatial resolution properties. The electronics of this model was based
on CMOS technology. The analog biasing was implemented for each pixel to

http://nsspi.tamu.edu/NSEP/basic_rad_detection/semiconductor/image3.jpg
http://nsspi.tamu.edu/NSEP/basic_rad_detection/semiconductor/image3.jpg
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enhance the sensitivity of the detector and to avoid noise. Furthermore, the
effective area of a pixel was reduced from 170µm× 170µm to 55µm× 55µm to
obtain a higher granularity. The “dead” electronics area around the detectors
was reduced to adapt many devices next to each other and increasing the total
effective detection area, and an additional energy discriminator (MediPix1 had
only one of them) was installed to every chip to perform a double thresholding
and generating an “energy window” counting mode. The final result was a hy-
brid assembly: an array of 256× 256 silicon pixels corresponding to an effective
detection area of 1.98cm2 bounded to a read-out chip (including the control
logic and the Digital to Analog Converters -DACs-). Schematics of this device
are given in Figures 7 and 8 as provided by Llopart in [19].

The MediPix2 MXR is a redesign of MediPix2. This model reduces variations
in the analog buffers between pixels to improve the functionality of test pulses.
The linearity of the voltage DACs was improved, and their energy-dependance
was also reduced. Finally, the number of counts was limited from 0 to 11810
without a restart when it reached the maximum value. The device at UniAndes
is a MediPix2 MXR model linked to a USB interface, as seen in Figure 9.

Many features of the MediPix2 detector have been tested in previous studies:
“Its electronic noise is at a level of about 3.8KeV , and its response is almost linear
up to 100.000 photons/pixel− s. Furthermore, previous results have shown that
the discriminator principle of the electronics works excellently, the high-intensity
property is very good, and the ability to probe extremely low-intensity features
is outstanding” [2].

4.2.1 The Periphery and DACs

The periphery of the chip contains the logic for either reading from or writing to
the chip (through the Low Voltage Differential Signaling LVDS drivers/receivers),
117 IO Pads, and 13 8-bit DACs (Preamp, Ikrum, FBK, GND, Disc, THS, SetDisc,
THL, THH, DelayN, ABuffer, LVDStx, RefLVDStx).

The Digital to Analog Converters (DACs) convert the information contained
in an analog signal to its equivalent digital form. There are four relevant DACs
for the practical use of MediPix2: The Ikrum, FBK, THL and THH. The Ikrum
handles the rise time of the signal, and it was set to 20 for all tests presented
in this work. The FBK controls the amplification of the signal: a higher FBK
implies a lower voltage for the signal; this DAC is useful to adjust all the
energies of the incident particles to the count values range of the detector (For
example: if the energies of the incident particles saturate the detector, a higher
FBK is necessary until the maximum count is lower than 11810). The THL and
THH DACs control the energy discriminators for the low and high thresholds
respectively. The relation between the THL, THH and FBK DACs provides the
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Figure 7: A diagram of the MediPix2 device and its dimensions. The upper and lower
parts correspond to the sensitive and non-sensitive areas respectively.
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Figure 8: (Up) Analog and digital parts of a single pixel. (Down) MediPix2 pixel layout;
1)Preamplifier 2)High Threshold discriminator 3)Low Threshold discriminator
4)8-bit Pixel Configuration Register 5)DDL 6)13-bit shift register and logic.
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Figure 9: The MediPix2 MXR detector and the USB interface. (held by a support designed
and built in UNIANDES).

effective thresholds for the measurements. If the absolute THL-FBK value is
higher than the absolute THH-FBK value, the detected signals correspond to
particles with energies higher than the energy corresponding to that THL-FBK
value (Single mode). On the other hand, if the absolute THL-FBK value is lower
than the absolute THH-FBK value, the detected signals correspond to particles
with energies within the energy range between the energy corresponding to the
THL-FBK value and the THH-FBK value (Energy window mode).

4.2.2 The USB readout system

The readout system for the MediPix2 MXR detector at UniAndes is an USB
interface between its chipboard and a PC through a USB1.1 connection. It can
perform real-time acquisitions at a maximum frame rate of 5Hz. A single chip
can be powered using the 5V and 500mA provided by an USB Port. A high-
quality USB cable of the shorter possible length is recommended to avoid power
difficulties. The detector bias voltage (100V) is generated and controlled through
the interface. Further information about this interface is given by Vykydal in
[32].
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4.2.3 PixelMan: The acquisition and post-processing software

PixelMan is a software developed at the Insitute of Experimental and Applied
Physics of the Czech Technical University in Prague. This software is used
to control the image acquisition of all MediPix2 devices, and it supports the
MUROS and USB readout interfaces. One of PixelMan’s greatest advantages is
its flexibility: its modular architecture allows to adapt custom made plug-ins.

PixelMan works only if a MediPix2 device is plugged and recognized by
the computer. A small icon appears at the lower part of the screen, and a
menu is shown after making a click on it. The detector’s reference appears,
and some options appear by clicking on this number. Four of these options are
very important for every image acquisition process: the MediPix Control Panel,
Threshold Equalization, DAC Control Panel, and the Beam-Hardening Plug-in
(after the plug-in has been installed).

The MediPix Control Panel handles the exposure time, the number of ac-
quisitions, the preview and saving of the raw image, and the loading of the
equalization and calibrations of the detector. Threshold Equalization opens a
panel where the THL and THH equalizations are made (as seen on the next
section). The DAC Control Panel controls the values of all the DACs, this is the
place where the energy discriminators are handled from. The Beam-hardening
Plug-in is the one that recognizes all the values measured during the Direct
Thickness Calibration, it makes the multi-exponential fit, and it generates the
final corrected matrices (Further information about this can be found in the
“Beam Hardening Correction” section on Chapter 6).

PixelMan exports a 256× 256 matrix with the information about the detected
particles. It also has the option to save the images as they appear at any stage of
the acquisition/correction process.

4.2.4 Equalization

The equalization procedure looks forward to adjust every pixel’s threshold
distribution as close as possible to the average means of thresholds distributions.

The Low Threshold Equalization takes the noise floor as a reference to establish
the value which pixels must stop counting at. To do this adjustment, Pixelman
makes two measurements of the lowest and highest correction levels of the 3-bit
THL DAC (000 and 111, respectively) and it minimizes the dispersion, averaging
the distributions too (As seen in Figure 10).

To perform this equalization, the THL values were swept from 200 to 500 DAC
units in steps of 1, and the spacing between the analyzed pixels was set in 3

DAC units. A measurement is considered to be valid if the difference between
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the optimal distance and the resulting distance value is smaller than 10. The
final standard deviation was 2, 57 DAC units.

Figure 10: Low Threshold equalization. The lowest correction level distribution (000) is
red, the highest correction level distribution (111) is blue, and the averaged
and minimized final distribution is black.

Test pulses with an amplitude of 1V were set as a reference for the THH
equalization, these pulses’ amplitude was set higher than that corresponding to
a fixed THL value. This procedure evaluates the change from single to double
energy discrimination mode based on recognizing the pulses while the THH
values vary near the THL value. If the pulse is recognized, the detector is
working on single counting mode; otherwise, if the pulse is not recognized, then
it is not lying inside the energy window and the detector is working on double
discrimination mode. The final standard deviation was 3, 68 DAC units (See
Figure 11).

Every equalization allows to save two files: A file with the adjustment, and
a .bpc file containing the rest of the information. The THL .bpc file, and the
adjustments for both thresholds should be loaded when an acquisition is started.
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Figure 11: High Threshold equalization. The lowest correction level distribution (000) is
red, the highest correction level distribution (111) is blue, and the averaged
and minimized final distribution is black.

4.2.5 MediPix2 and vascular imaging

It was not possible to find previous investigations about vascular imaging using
the MediPix2 detector when this work was written. The lack of information
was one of the main motivations to explore the idea. MediPix2 has several
features that might enhance the quality of a vascular imaging process: its edges’
enhancement, its high spatial resolution, and the ability to use the double
energy discrimination avoiding many of the complications from a Dual Energy
substraction Angiography and improving the action of the contrast agent ( As
purposed by Butler in [4]).

The only weakness of MediPix2 for any medical imaging procedure is its
small effective detection area. To justify this disadvantage, it has been designed
such that other devices can be added next to it, increasing its size.
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R O S I

5.1 the structure of the roentgen simulation

ROSI (acronym for ROentgen SImulation) is an object oriented program (de-
veloped in C++) that simulates X-rays’ production, interaction and detection
processes. The modeling of these parameters is based on generating random
distributions of physical parameters. ROSI’s efficiency is enhanced through the
possibility to run the program in parallel on a local computer, reducing the
simulation time. The simulation works based on already established program
packages to ensure physical correctness. (Giersch in [9] and [10] )

Figure 12: Description of ROSI’s world [7].

The importance of the simulation resides on the possibility to understand the
limitations and optimization parameters of certain detector or imaging geometry.
On the other hand, it also provides information about the theoretically predicted

31



32 rosi

behavior of the x-rays setting, the relevance and characteristics of the incident
photons and energy losses due to secondary electrons.

Editing about 200 lines in the C++ file rosi.cpp is equivalent to modify 65 ∗ 103
underlying code lines.

5.1.1 Particle production and physics

ROSI bases most of its physical processes on the electromagnetic features of the
object-oriented particle simulation GISMO [1]. The electromagnetic interaction
classes for this simulation are provided by the EGS4-LSCAT algorithms. This
library contains photon-related physical processes like: Rayleigh scattering,
Compton scattering, photoelectric effect, pair creation and Bremsstrahlung.

A RAVAR package is used to generate random distributions that define every
starting parameter of a particle. Three sources are available at ROSI’s webpage:
Conical, Pyramidial and Fan source.

5.1.2 Detectors

Detector classes store parameters of the particles passing through them. ROSI
derives its classes from GISMO’s abstract classDetector. It is possible to indicate
the interaction of interest, the geometry of the detector, or using the detector as
a filter.

5.1.3 Geometries and phantoms

GISMO provides some implemented volumes that can be used to build more
complex geometries in ROSI. These new geometries can be saved as usable class
libraries.

EGS4 accesses a library full of materials to simulate the interaction processes.
Each material contains branching ratios and cross sections for electrons and
photons of different energies. These materials are generated using the PEGS4

program based on principles of stoichiometry and density.

5.1.4 Parallel computing

The idea of the ROSI’s Parallel Computing feature is to split the number of sim-
ulated events into different packages and running them on different computers
belonging to the same local area network at the same time. Parallel computing
reduces the simulation times considerably, and it is useful to perform this kind
of processes in regular computers where the processing capabilities are limited.
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5.1.5 Simulation of MediPix2 using ROSI

Korn [16] has already used ROSI to simulate X-ray detections with MediPix2,
and its results have shown to be reliable for a raw image (without any correction).
Due to the lack of access to Korn’s source code, the modifications to the rosi.cpp
file were made as trustworthy as possible to the technical specifications of the
detector. An explanation about the specifications used to model MediPix2 using
ROSI is given in Appendix B.
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T H E T E S T S

This chapter explains the goals and settings for every test. Results are presented
in Chapter 7.

6.1 materials

6.1.1 X-Ray source

All the tests were made using a PHYWE X-ray Unit, equipped with interchange-
able tubes with Mo and Cu anodes. The unit consists on a shielded chamber
with a safety mechanism that prevents any possible exposure of the user to
the X-Rays. Voltage in the unit can be modified from 0 to 35 KeV, and currents
from 0 to 0.5 mA. The goniometer inside the unit was removed, the MediPix2

MXR detector and the USB interface were positioned 30cm away from the X-ray
source. Molybdenum was chosen for these studies because it is more commonly
used in medical procedures than copper. Additional information can be found
at [24].

Figure 13: The PHYWE X-Ray Unit (MediPix2 detector inside it).

6.1.2 The Contrast Agent (C.A.)

The contrast agent used in the experiments was Reliev 60. This is an injectable
solution of Diatrizoate Meglumine at 60%, and it is recommended for visual-
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izing lesions or malformations of the heart, obstructions or anomalies of the
major thoracic blood vessels, renal and cerebral arteriography. The acquired vial
contained 100 ml of the C.A., with an iodine concentration of 280 mg/ml (See
Figure 14). The solution was diluted to 240 mg/ml (87,5 %), 200 mg/ml (71,4
%), and 140 mg/ml (50 %).

Figure 14: The Contrast Agent:Reliev 60. http://www.suministros.com.co/images/

banco/reliev.jpg

6.1.3 Phantoms

Wax Hexahedrons with dimensions of 2cm X 2cm X Lcm (Where “L” was the
variable length during the tests, as shown in Figure 15) were used as phantoms,
containing small plastic tubes ( External radius of 4.40± 0.01mm and a wall
thickness of 0.70± 0.01mm) that simulated blood vessels in the last centimeter
of the variable length. If a dose calculation was made, it should be made for
these phantoms. Wax was chosen because its absorption properties are similar
to the ones in skin tissue.

Other elements used as phantoms were: A copper wire, an aluminium mesh,
and a natural scourer (As shown in Figure 16).

Phantoms were located as shown in Figure 17 during most of the tests ( 27cm
away from the x-rays source).

http://www.suministros.com.co/images/banco/reliev.jpg
http://www.suministros.com.co/images/banco/reliev.jpg
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Figure 15: Diagram and images of the wax phantoms.

Figure 16: Aluminium mesh (Left). Natural scourer (Right).
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Figure 17: Wax Phantom in front of the detector.

6.2 image corrections

Image corrections are required to enhance the image quality, to avoid the effects
of bad pixels, and to fit the counts according to the attenuation of the imaged
object.

6.2.1 Flat-Field correction

A flat-field correction is used to take into account the spatial distribution of the
X-Rays, and to correct for small differences in gain between the pixels. Three
acquisitions are required for this procedure: A dark image D(x,y), a gain image
G ′(x,y), and the raw image of the object IRaw(x,y).

The dark image D(x,y) corresponds to an acquisition without any source in
front of the detector. The gain image G ′(x,y) is obtained by exposing the array
to a homogeneous X-ray signal, taking a series of images and averaging them. G
corresponds to the average value of counts from all the pixels of the gain image.
The final flat-field corrected image, as explained by Jakubek [15] will be given
by:

I(x,y) = G
IRaw(x,y) −D(x,y)
G ′(x,y) −D(x,y)

(6.1)
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6.2.2 Beam-Hardening correction

A beam-hardening correction takes into account that X-ray tubes used for medical
procedures are polychromatic, therefore, the absorption phenomena -which are
energy dependent- are not homogeneous. This condition implies that the X-ray
beam energy spectrum will vary from point to point, and detectors with an
energy-dependant efficiency (like MediPix) will produce distortions in the final
images. These undesired effects can be corrected through the Direct Thickness
Calibration Method.

The Direct Thickness Calibration uses different absorber thicknesses (corre-
sponding to the thickness range of the object to be observed) under the same
x-ray source conditions to measure the response of all the pixels. Then, these
measurements are fitted by a multi-exponential calibration function (exponential
for each calibration point). PixelMan has a Beam-hardening plug-in that receives
the information about the corresponding thickness acquisitions, then it makes
the fitting process and it returns a preview of the corrected image (See Figure
18).

Figure 18: PixelMan’s BH Plug-in (Up). Setting for Direct Thickness Calibration (Down).
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The calibration for the tests was made using aluminium sheets with a thickness
of 0.1 mm each. The chosen range was between 0mm and 5mm. PixelMan’s
Beam Hardening Plug-in uses this calibration formula to do the correction (As
given in [21] ):

C(y) =
Y − Yk+1

ak(Yk − Yk+1)

ln
(

Y − Yk−1
Yk−1 − Yk+1

expakXk−1 −
Y − Yk+1

Yk−1 − Yk+ 1
expakXk+1

)
+

Yk − Y

ak+1(Yk − Yk+1)

ln
(

Y − Yk
Yk − Yk+2

expakXk −
Y − Yk+2
Yk − Yk+ 2

expakXk+2
)

Where Y is count rate, Yk is count rate in k-th calibration point, Xk is thickness
in k-th calibration point, ak is numerically precomputed parameter charac-
terizing exponential base in k-th interval and finally C(y) is estimated object
thickness.

More specific information about this correction can be found in [12] [13] [15]
[30] [31].

6.3 contrast dependence on energy

A higher energy implies a higher dose, but even though low dosimetry levels
are desirable, it is important to find an “Equilibrium Point” where the contrast
agent effect is noticeable enough too.

6.3.1 Experimental setup

A 2cm long wax phantom was filled with pure Contrast Agent ( 280 mg/ml )
and images of it were taken at different energies. The scan was made from 20

KeV to 35 KeV using the Molybdenum X-Ray Source.

6.4 fluctuations’ dependence on exposure time

The purpose of this test was to acquire different images of the same object with
the detector, but varying the exposure time to measure fluctuations’ dependence
on it. It is important to determine this factor because a smaller exposure time
implies a lower dose, a longer life for the x-ray sources, and it is helpful to avoid
distortions due to patient movements .
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6.4.1 Experimental setup

Images of an empty 4cm long wax phantom were taken for exposure times
of 0.5s, 1s, 2.5s, 5s, and 25s with a Molybdenum X-ray source at 28 KeV and
0.5mA.

6.5 scanning at different concentrations and phantom lengths

High iodine levels in blood are toxic for the patient, and taking it out of the body
is difficult. Contrast Agents contain diluted iodine mixed with other compounds
that reduce the toxic effect and make their evacuation mechanisms more efficient.

The goal of this test was to evaluate MediPix’s performance when Contrast
Agent concentration is reduced. These measurements were also made for three
different phantom lengths in order to establish if there are significant changes in
contrast and spacial resolution when X-ray intensity is reduced due to higher
absorption levels.

6.5.1 Experimental setup

A wax phantom was located in front of the detector and it was filled with
pure and diluted Contrast Agent solutions. These images were taken with a
Molybdenum X-ray source at 28 KeV and 0.5mA , and exposure times of 0.5
seconds.

6.6 obstacle detection and characterization

Some cardiovascular complications may be caused due to obstructions along
veins or arteries. One of the vascular imaging desired features is to locate these
obstacles and to characterize them.

This test did not only look forward to evaluate MediPix’s efficiency to locate
obstacles inside vessel-like tubes at different exposure times, but to observe
spatial resolution dependance under these conditions too.

6.6.1 Experimental setup

A copper wire (Diameter: 0.5± 0.01mm ) was immersed into the tube of a 2cm
long wax phantom. The tube was filled with pure C.A. solution. Images were
taken with a Molybdenum X-ray source at 28 KeV and 0.5mA for five different
exposure times.
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6.7 imaging of vascular-like systems

The diameter of blood vessels varies from a thousand microns to nearly 15mm
The capability to measure the smallest vessels was taken into account for these
experiments too. On the other hand, most of vascular systems are not organized
and blood vessels overlap among them in X-ray images. The goal of this test was
to acquire images of thin and disordered vascular-like systems.

6.7.1 An aluminium mesh

An aluminium mesh made of thin wires ( Diameter: 0.25± 0.01mm) was located
in front of the detector. The image was taken with a Molybdenum X-ray source
at 28 KeV, 0.5mA, and the exposure time was 5 seconds.

6.7.2 A natural scourer

A natural scourer was located in front of the detector and two images were
acquired without any Contrast Agent, then, the scourer was moistened with
Reliev60 and two images were acquired again. Images were taken with a Molyb-
denum X-ray source at 28 KeV and 0.5mA, for exposure times of 0.5s and
5s.

6.8 simulating vascular images with rosi

Simulations are a useful tool to perform dosimetric calculations and to predict
the behavior of some radiated materials. They are also important to verify if
the known physical concepts agree with the experimental measurements. The
original idea of this test was to reproduce the exact conditions of the previous
experiments using ROSI, but although the geometry and the basic materials
(Wax, plastic, air) were reproduced, the iodine concentration could not be diluted
to the contrast agent one. The final decision was to do a test with pure and
common materials: A glass tube filled with water, surrounded by air.

6.8.1 Experimental setup

A glass tube was filled with water and then it was positioned in front of the
detector, as seen in Figure 19. These exact geometries and materials were used
for a ROSI simulation using a 28 KeV Molybdenum X-ray source. The simulation
was made following the steps explained in Appendix B.
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Figure 19: The experimental setup to be simulated using ROSI



7
R E S U LT S A N D D ATA A N A LY S I S

7.1 image post-processing

The latest PixelMan version (http://www.utef.cvut.cz/medipix/) was used to
acquire the images, to do the Beam Hardening Correction, and to export the
corresponding count matrix. ROOT 5.22 (http://root.cern.ch/drupal/) and
Wolfram Mathematica 7 (http://www.wolfram.com/) were used to do the data
graphic and numerical analysis.

Contrast measurements for all tests were made using the definition that was
given in the last section of chapter 1.

7.2 image corrections

Flat Field (F.F.) and Beam Hardening (B.H.) corrections were applied to all the
phantoms in the tests. The final images provided a reliable spatial resolution, an
easy way to localize the edges of the object, and the number of noisy pixels was
almost totally reduced. A clear visualization of the mentioned effects is provided
in Figure 20.

Figure 20: Screw at 30 KeV and 0.5 mA without any correction(Left). Screw at 30 KeV
and 0.5 mA after the Flat Field and Beam Hardening corrections (Right).

It is important to remark that after these corrections are made the nature of
the counts in the image changes: Counts before the corrections correspond to en-
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ergies, on the other hand, counts after the corrections correspond to thicknesses.
This changes are also linked to the change in the color scale of the images: A
white color refers to maximum energy counts in the raw images, but the same
area will be black -minimum thickness- in the corrected ones.

7.3 contrast dependence on energy

This test measured the average contrast due to the C.A. regarding the average
absorption due to paraffin wax. Results are provided in Table 3, and the images
are given in Figure 22. A practically linear behavior was observed for two
different sections in the scan, linear regressions were made for each of them in
Figure 21.

The first section was located from 20 to 29 KeV, and its linear fit was calculated:
Contrast = 0.25+ 0.017(E). The second section was located from 20 to 30 KeV,
and its linear fit was calculated: Contrast = 0.06+ 0.022(E). It is important to
notice that this change in contrast behavior is located near the theoretical kα
absorption line for iodine ( 28.6 KeV). Photons between 29 and 30 KeV might
have deposited a small part of their energy along the wax path they had to
go through before interacting with the tube, reaching the 28.6 KeV value. This
attenuation effects due to surrounding material should be taken into account for
future imaging tests, specially those related to simulate dual energy techniques
using the energy window.
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Energy (KeV) Contrast due to the C.A. ( % ) Contrast Deviation ( % )

20 59.4 2.5

21 61.1 2.3

22 63.9 2.0

23 64.9 1.9

24 66.2 1.7

25 69.8 1.6

26 69.7 1.4

27 71.9 1.3

28 74.2 1.3

29 74.4 1.2

30 72.5 1.1

31 74.0 1.1

32 77.2 1.0

33 80.9 1.0

34 81.3 1.0

35 82.8 0.9

Table 3: Contrast due to the C.A.

Figure 21: Contrast dependance on energy for a 2cm long wax phantom filled with
Contrast Agent at a concentration of 280 mg/ml.
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Figure 22: Images of a 2cm long wax phantom filled with Contrast Agent at a concen-
tration of 280 mg/ml. Scan from 20 to 35 KeV.
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7.4 fluctuations’ dependence on exposure time

Figure 23: Images of an empty wax phantom obtained with exposure times of 0.5, 1, 2.5,
5 and 25 seconds.Energy:28 KeV, Current:0.5 mA.

The 25s measurement was taken as a reference (due to its high statistics) for the
analysis of these test results. Final measured values are given in Table 4.

Exposure Time (s) Average Fluctuations ( % ) Fluct. Deviation ( % )

0.5 2.7 14.3

1.0 1.9 7.3

2.5 1.2 5.6

5.0 0.9 4.1

Table 4: Image fluctuations’ measurement for an empty wax phantom. Counts from a
25s. exposure time image were taken as reference.

The average fluctuation is not higher than 3%, but the standard deviation is
higher as exposure time is reduced.

These results suggest adding a new step to image post-processing at low
exposure times: The implementation of a filter that fits counts to the average
value between its neighbors and itself (More information about imaging filters
can be found in reference [26] ). This filter was not used for the present results,
but the idea is purposed for future works. Plots of the 128th line are shown in
Figures 24 and 25.
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Figure 24: Profiles of the 128th. line of an empty wax phantom image. Exposure times
of 0.5, 1 and 2.5 seconds.
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Figure 25: Profiles of the 128th. line of an empty wax phantom image. Exposure times of
5 and 25 seconds, and a comparison between the 0.5 and 25 seconds profiles.
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7.5 scanning at different concentrations and phantom lengths

A measurement of wax absorption percentage regarding open beam counts was
made to obtain the absorption coefficient for every case. These results validate
the subsequent contrast measurements, and they provide an idea about the
reliability of every length/concentration test.

X-rays intensity for any time is given as:

I(x) = I0 exp−µx (7.1)

Where I0 corresponds to the initial intensity, µ is the characteristic attenuation
coefficient for the material, and x is the distance the beams have to go through.
Then, for the attenuation coefficient:

µ =
− ln

(
I(x)
I0

)
x

(7.2)

A theoretical attenuation coefficient of 0.102cm−1 for paraffin wax beamed by
28KeV X-rays was calculated using data provided by the NIST [23].

Length/Conc. ( cm/(mg/ml)) Intensity µ (1/cm) Error ( % )

4.17/280 0.60 I0 0.122 20.0

4.17/240 0.62 I0 0.114 12.3

4.17/200 0.61 I0 0.118 16.2

4.17/140 0.63 I0 0.110 8.6

3.10/280 0.69 I0 0.119 17.3

3.10/240 0.69 I0 0.119 17.3

3.10/200 0.70 I0 0.115 12.8

3.10/140 0.68 I0 0.124 21.9

2.02/280 0.79 I0 0.115 13.2

2.02/240 0.80 I0 0.109 7.2

2.02/200 0.81 I0 0.103 1.0

2.02/140 0.81 I0 0.103 1.0

Table 5: Attenuation coefficient measurement for wax phantoms. Theoretical value:
0.102cm−1.

The next step in the data analysis was to measure the internal diameter of the
vessel-like tubes for every case. The diameter was measured to be 3.00± 0.01mm
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using a caliper. This test provides an idea about the spatial resolution at different
C.A. concentrations and surrounding material thickness.

Data analysis results for this test are presented in Table 6. The experimental
internal diameter value corresponds to the average value obtained from images
with and without contrast agent. This value’s deviation provides information
about the differentiation between the walls and the C.A. in the image: A high
deviation value implies a low differentiation level. If the deviation of the averaged
value is significantly high, it means that the diameter value obtained after the
application of the contrast agent is much smaller than the one measured before.
These values should agree in an ideal case, but a diminution on the value implies
that the counts are not changing for the pixels near the tube walls, then, it is not
possible to differentiate the two surfaces correctly.

Length/Conc. ( cm/(mg/ml)) Exp. Int. Diameter (mm) Error ( % )

4.17/280 3.65± 0.02 21.8

4.17/240 3.51± 0.16 17.1

4.17/200 3.46± 0.22 15.3

4.17/140 3.40± 0.27 13.5

3.10/280 3.27± 0.03 9.0

3.10/240 3.19± 0.06 6.3

3.10/200 3.16± 0.13 5.3

3.10/140 3.13± 0.16 4.3

2.02/280 3.16± 0.03 5.3

2.02/240 3.16± 0.03 (Poss. Moved) 5.3

2.02/200 3.08± 0.11 2.6

2.02/140 3.11± 0.08 3.6

Table 6: Experimental measurement of the internal diameter of a tube inside wax phan-
toms. Real value: 3.00± 0.01mm.

The deviation is minimum for pure contrast agent solutions. Measurement
errors are reasonable for the 2cm and 3cm phantoms, but they’re considerably
high for the 4cm phantom. These results, and figures from 26 to 37, show that
images at 280mg/ml and 240mg/ml are valid for vascular imaging due to
their equilibrium between high contrast and precision for spatial measurements.
Images at lower concentrations still present a considerable contrast, but it is
difficult to differentiate tube walls from contrast agent and it implies a serious
limitation to morphology-related vascular studies.
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Finally, it is possible to deduce from these results that the accuracy of the
measurements of the dimensions of the object filled with the contrast agent is
limited by the thickness of its surrounding material: The wider the surrounding
material is, the higher the error regarding to the real value will be. This effect
would be related to the scattering (Possibly Rayleigh scattering due to the low
energy levels) of the incident x-rays when they go along the path to get to the
object of interest.
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7.5.1 Concentration scan for a 4 cm. long phantom

Figure 26: 4 cm long phantom with Contrast Agent at a concentration of 280
mg/ml.Energy:28 KeV, Current:0.5 mA.
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Figure 27: 4 cm long phantom with Contrast Agent at a concentration of 240
mg/ml.Energy:28 KeV, Current:0.5 mA.
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Figure 28: 4 cm long phantom with Contrast Agent at a concentration of 200
mg/ml.Energy:28 KeV, Current:0.5 mA.
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Figure 29: 4 cm long phantom with Contrast Agent at a concentration of 140
mg/ml.Energy:28 KeV, Current:0.5 mA.



7.5 scanning at different concentrations and phantom lengths 61

7.5.2 Concentration scan for a 3 cm. long phantom

Figure 30: 3 cm long phantom with Contrast Agent at a concentration of 280
mg/ml.Energy:28 KeV, Current:0.5 mA.
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Figure 31: 3 cm long phantom with Contrast Agent at a concentration of 240
mg/ml.Energy:28 KeV, Current:0.5 mA.



7.5 scanning at different concentrations and phantom lengths 63

Figure 32: 3 cm long phantom with Contrast Agent at a concentration of 200
mg/ml.Energy:28 KeV, Current:0.5 mA.



64 results and data analysis

Figure 33: 3 cm long phantom with Contrast Agent at a concentration of 140
mg/ml.Energy:28 KeV, Current:0.5 mA.
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7.5.3 Concentration scan for a 2 cm. long phantom

Figure 34: 2 cm long phantom with Contrast Agent at a concentration of 280
mg/ml.Energy:28 KeV, Current:0.5 mA.
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Figure 35: 2 cm long phantom with Contrast Agent at a concentration of 240
mg/ml.Energy:28 KeV, Current:0.5 mA.
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Figure 36: 2 cm long phantom with Contrast Agent at a concentration of 200
mg/ml.Energy:28 KeV, Current:0.5 mA.
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Figure 37: 2 cm long phantom with Contrast Agent at a concentration of 140
mg/ml.Energy:28 KeV, Current:0.5 mA.



7.6 obstacle detection and characterization 69

7.6 obstacle detection and characterization

Figure 38: Images of a copper wire inside the 2cm long wax phantom filled with C.A.
at a concentration of 280 mg/ml and different exposure times.Energy:28 KeV,
Current:0.5 mA.

Profile plots of the 128th line of the detector for each exposure time are presented
in Figures 39 and 40. The final graph is a comparison between the regular
exposure time for X-Ray procedures ( 0.5s) and a fifty times longer time. It is
possible to see that even though fluctuations are reduced for long times, the
dimensions of the whole tube are preserved.

On the other hand, the localization of the wire is not obvious for exposure
times smaller than 5s. The small concavity caused by the obstacle is imper-
ceptible among fluctuations and low statistics effects. The obstacle is perfectly
recognizable in the 5s and 25s profiles, and a measurement of the concavity’s
width gives 0.495± 0.055mm (A 1% error, and the minimum possible deviation
due to the size of the pixels).
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Figure 39: Profiles of the 128th line of a copper wire inside the 2cm. long wax phantom.
Exposure times of 0.5, 1 and 2.5 seconds.
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Figure 40: Profiles of the 128th line of a copper wire inside the 2cm. long wax phantom.
Exposure times of 5 and 25 seconds, and a comparison between the 0.5 and
25 seconds profiles.
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7.7 imaging of vascular-like systems

7.7.1 An aluminium mesh

The acquired image, its thickness distribution, a profile of its 1st line and a
3D distribution are shown in Figure 41. Most of the counts in the thickness
distribution are located between 0 and 0.5mm as expected for the single and
overlapped wires at different points of the mesh. It is easy to see that the profile
agrees with the location of the wires in the first line, and a measurement at half
of every peak height (Except for the last two at the right, which are too close)
returned values from 4 to 5 pixels (from 0.220mm to 0.275mm) These two values
fall into the minimum possible deviation (0.055mm), and they agree with the
wires’ real width.

An important property to notice is the contrast enhancement at the edges when
wires overlap each other. the detector identifies a change in the thickness of the
material based on the information provided by the direct thickness calibration.
Black dots in the 3D distribution appear due to bad pixels which could not be
avoided through any applied correction.

7.7.2 A natural scourer

The acquired images -before and after the moistening with Reliev60- for each
exposure time and a 3D distribution of the 5s image are shown in Figure 42.
It is important to notice that although a higher exposure time implies better
spatial resolution, thin surfaces might turn undetectable ( As seen in the rounded
section for both exposure times). Black dots in the 3D distribution appear due
to bad pixels which could not be avoided through any applied correction.
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Figure 41: Image of an aluminium mesh. Exposure time: 5s. Energy:28 KeV, Current:0.5
mA.
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Figure 42: Image of a natural scourer at two different exposure times. Energy:28 KeV,
Current:0.5 mA.
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7.8 simulating vascular images with rosi

An image acquired in MediPix with an exposure time of 3s ( 400 counts maxi-
mum) and corrected using the B.H. plug-in was compared to a ROSI simulation
with a 28 KeV molybdenum X-Ray source detected by a pixel array ( 10000

generated events, with 15000 photons each, producing a 600 counts maximum
in a simulation time of about two and a half hours). Both images are shown in
Figure 43. These images don’t seem similar at first sight, but it is important to
notice that the simulated events were not corrected in any form (neither flat-field
nor beam hardening) due to time limitations.

Figure 43: (Left) Final image provided by PixelMan. (Right) ROSI simulation without
any correction.

The measurement and the simulated detection were plotted in a different
color scale, and profiles of their 128th pixel line were normalized and plotted in
Figure 44.

Color scales look opposite between the image and the simulation, this happens
due to the nature of the plotted data. The image acquired using MediPix2

has been corrected by Beam Hardening, therefore, its counts correspond to a
thickness distribution. On the other hand, the simulation counts correspond
to the number of photons that the pixels are detecting. A blue value on the
MediPix2 image means that counts are not attenuated by any material -zero
thickness- , but in the simulation these same pixels will count the maximum
number of photons -they are not absorbed by any material- and they will be
yellow or orange colored.
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The normalized profile plots show a similar spatial resolution for both dis-
tributions (the external radius of the real tube is acquired with an error of 2%
and the internal radius is measured with an error of 6%), but the behavior is
significantly noisy and different outside and inside the tube. Taking a look at the
outside part: the profile is noisier in the simulation than in the acquired image,
this was expected due to the lack of any correction. On the other hand, the
differences between the interior of the tube for both plots might seem worrying:
the phase change ( from glass to water) is more intense in the image than in
the simulation. MediPix2 has shown a higher phase-sensitive resolution than
other detection systems (As shown by Jakubek and Granja in [14] ) specially due
to the direct thickness calibration used for the beam-hardening correction; This
feature results on edge contrast enhanced radiographies. The cause of a more
intense phase change inside the tube for the MediPix2 acquired image is the
Beam-Hardening correction.

It is necessary to develop simulations of the direct thickness calibration using
ROSI, and correcting the energy distributions according to them, to obtain more
reliable results when MediPix2 is simulated.

Figure 44: (Up) MediPix2 measurement and a plot of its 128th line profile. (Down) ROSI
simulation and a plot of its 128th line profile.



Part IV

C O N C L U S S I O N S



8
C O N C L U S I O N S

8.1 about medipix as a tool for vascular imaging

• The Beam Hardening Correction is important to perform vascular imaging
with MediPix2 due to the edge contrast enhancement caused by the direct
thickness calibration. A better defined phase change makes it easy to
differentiate contrast filled vessels from their surroundings.

• The contrast of a vessel filled with a contrast agent concentration of
280mg/ml is enhanced linearly in a 20% proportion from 20KeV to 35KeV ,
with a contrast loss near the energy corresponding to the kα line.

• The average of the contrast fluctuations for a vascular image acquired
using MediPix2 has a small dependence on the exposure time, but the
standard deviation of these fluctuations is high for short times. Fitting
the counts of a pixel to the average value of its neighbors would provide
more uniform and reliable contrast measurements for acquisitions at short
exposure times, but it would compromise the spatial resolution of the
detector.

• MediPix2 allows to locate vessel-like structures marked using a contrast
agent with concentrations lower than the regular ones (from 280 mg/ml
to 140 mg/ml) and obtaining considerable contrast values. On the other
hand, it is important to remark that -even though it is possible to locate
them- the precision of the spatial measurements and the definition of the
edges of these structures are not reliable enough for concentrations below
200 mg/ml of iodine. This conclusion implies that MediPix2’s sensitivity
is not compromised for a wide range of contrast agent concentrations, but
the spatial resolution of the measurements is more limited by this quantity.

• The accuracy in the measurement of the spatial dimensions of an object of
interest using MediPix2 is subject to the properties of the path (wax) the
x-rays have to go through before interacting with the vessel-like tube and
the contrast agent, at least in the range of a few tens of Kiloelectronvolts.
The agreement between the error percentage of the measurements for the
wax phantoms in this work and the percentage of scattered photons for soft
tissues at a similar energy range due to Rayleigh scattering (∼ 10%) would
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suggest that this mechanism of interaction is a factor to be considered in
vascular imaging with the MediPix2 detector.

• The localization and characterization of obstacles inside contrast enhanced
vessels using MediPix2 are limited by the difference between their contrast
percentage and the fluctuations in surrounding pixels for a certain exposure
time: Its percentage has to be at least higher than the maximum fluctuation
in the surrounding pixels. This condition might be a disadvantage when
using MediPix2 to detect objects with low attenuation coefficients inside
vessels at low exposure times.

• MediPix2 has the ability to image vascular-like systems with a high spatial
resolution. Additionally, the edge enhancement due to the B.H. calibration
allows to identify vessels when they overlap each other in the image.

• Thin surfaces surrounded by structures with higher attenuation properties
turn undetectable for long acquisition times when they are imaged using
MediPix2. This effect occurs due to a high quantity of counts in the de-
tection of that surface regarding those detected in the rest of the image.
This zone will saturate the detector faster than the other ones, and the B.H
correction will tend to fit it near the zero thickness value.

• ROSI is equipped with enough physical and geometrical simulation tools
to reproduce the conditions of an X-Ray imaging process using MediPix2

without any sort of correction and basic geometries. On the other hand,
an exact reproduction of the final images that MediPix2 and PixelMan are
able to provide requires the development of a B.H correction based on
data obtained from the attenuation of the materials and the sources used
in ROSI.

8.2 about possible future investigations

• The high spatial resolution of the MediPix2 detector has shown to be
a powerful tool to do microradiography. The efficiency of this feature
is proportional to the exposure time of the sample. If the structure and
functions of an object of interest are not affected by a dose -at least- ten
times higher than that of a regular medical procedure, a microradiography
is highly reliable using the detector. The exposure time dependance might
be reduced using a microfocus X-ray machine due to the enhanced flaw
detection capability provided by this type of source. It is also possible
that the variations in the measurement for objects surrounded by thick
materials decrease if a microfocus source is used.
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• The results of this work are valid for vessels filled with static fluids, but a
real situation implies a dynamic fluid inside the veins and arteries. The
design and imaging of “dynamic phantoms” are recommended to get a
closer approach to the real conditions.

• A complete study about the analysis of samples using the dual energy
(energy window) operation mode is suggested. This tool would be ideal to
perform a Dual Energy Substraction Angiography without the limitations
of doing two different acquisitions and the possible movement of the
patient between these two measurements. An attempt to perform the
substraction using this feature was made as seen in Appendix A, but it
was not successful.

• Some projects have been purposed by other research groups from UniAn-
des. The biomedical engineering group is interested in the study of cal-
cification on vessels in dead people to deduce their decease time with
precision using microradiographies. The Biology Department has also
shown interest on MediPix2 as a tool to do microimaging of corals.
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a.1 imaging and image animation with and without corrections

Images in Figure 45 were some specific tests performed to establish MediPix
achievements without any sort of correction, and to explore PixelMan’s acquisi-
tion process. These images were taken at 30 KeV using a copper X-ray source.
Image (A) belongs to the upper view of a small toy tank; it was taken to explore
the ability to differentiate different surface levels. Image (B) corresponds to a
ventral view of a small beetle; it was the first attempt to acquire an image of a
living creature tissues and internal structures using the detector at UniAndes.
Finally, an image of a mechanical pencil (C) gave an idea about Medipix’s high
spatial resolution feature.

Figure 45: Images at 30 KeV and 0.5 mA with a Cu tube of various objects without any
correction.

Figure 46 shows three images acquired after the implementation of the B.H.
correction. These images were taken at 30 KeV using a copper X-ray source.
Image (A) corresponds to a small plastic round-shaped lamp. Image (B) belongs
to the previously imaged beetle, but its internal structures and exoskeleton are
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more defined. Finally, a side view of a bee is shown on (C), its reduced thickness
made it difficult to identify the image clearly at that energy value.

Figure 46: Images at 30 KeV and 0.5 mA with a Cu tube of various objects using the BH
plug-in.

Two videos were made by rotating samples 360o in front of the detector,
just as it would be necessary to obtain the images for a tomography. The first
video was an image of a small fuse without any correction. The second one
emerged from an assistance to a group of students to rotate and imaging a
beetle, and correcting the acquired images using only the flat-field correction.
No further correction was used for these tests because the attempts to perform a
B.H. correction had not been successful at that time.

a.2 attempt to image a vascular replacement

One of the initial goals of this work was to do the tests using a collagen vascular
replacement developed by the UniAndes biomedical engineering group as
phantom. The replacement was obtained from the group, but it was more
fragile and its walls were thinner than expected. Furthermore, the replacement’s
structure collapsed when it was filled with contrast agent.

The possibility to ask for another replacement to do the procedures was
considered, but there was not enough time to build a system that could hold it
tight or a procedure to make its walls more solid. Figure 47 shows an image that
was acquired after the structure collapsed using a 28 KeV Molybdenum source.
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The replacement is almost undetectable in the image, even though it’s already
moistened with contrast agent.

The wax phantoms and vessel-like plastic tubes were the final choice to
perform the tests, and the goal to study MediPix performance while imaging
the replacement was changed for the ROSI simulation.

Figure 47: Image at 28 KeV and 0.5 mA with a Mo tube of an empty vascular replace-
ment.

a.3 attempt to use the energy window to perform a d.e .s .

The energy window feature is a perfect candidate to perform a dual energy
substraction angiography. If the low threshold is placed on an energy below
the one for the C.A. K edge, and the high threshold right over it, that setting
should be equivalent to perform a D.E.S. The advantages of a spectroscopic
detector like MediPix2 over already known D.E.S. techniques are the reduction
of the exposure time, and the possibility to avoid distortions in the image due to
patient movements (As explained by Firsching [8] and Butler [4]).

• Remark about the threshold-related DACs: The main three DACs used
to establish thresholds in the detector are the FBK, THL, and THH. The
FBK value establishes an amplification voltage of the detector signal. THL
and THH correspond to the Low and High Thresholds respectively. The
effective threshold is given by the difference between a threshold DAC
(THL or THH) and the FBK value. On the other hand, the detector works in
an inverse polarity mode, then, a lower TH value corresponds to a higher
energy and the THL-FBK and THH-FBK values are equal or lower than
0.000 .
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If the absolute value of the effective THL-FBK (Which is originally a
negative value) is higher than the THH-FBK one, then the detector will
count all signals over the energy related to that THL value. If the absolute
value of the THH-FBK is higher than the THL-FBK one, the detector will
take into account all energies between the THL and THH related values
(This is what is called Window Operation Mode).

The actual problem to perform a test using this feature was the energy cali-
bration of the detector. The procedure described by Lebel in [17] was followed
using both the Molybdenum and Copper sources, but even though the counts
went down as the THL value was decreased (from 325 to 180, with a fixed THH
value of 325 and a FBK value of 128), the analysis of the counts derivative did
not show some specific peaks that could be associated to the characteristic lines.
Three attempts to identify these lines were made, but none of them showed clear
results.

The final choice was to use C. Roa’s results [25] for this calibration, using
the same DAC values and detector. A linear regression was made to his data
(The detector’s energy response is linear for this energy range), resulting on:
Energy(KeV) = 58.81− 0.16 ∗ (THLvalue). The result was plotted as in Figure
48.

Figure 48: Linear regression for the Energy Calibration data provided by C. Roa [25] .

The THL DAC value for photons produced due to the jump from the kβ to
the kα line (28.6 KeV) was calculated using the the previous fit. This value was
around the 190 DAC value. The High threshold was set at a value of 187 ( 29

KeV) and the Low threshold at 193 ( 28 KeV). An image of a 2cm. long wax
phantom was acquired at 30KeV and 0.5mA with an exposure time of 5s. and
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a pure C.A. concetntration (See Figure 49), but the result was not the expected
one. Further work about this idea was not done due to time limitations.

Figure 49: Image at 30 KeV and 0.5 mA with a Mo tube of an attempt to do a D.E.S.
using the energy window.

a.4 dose measurement for the wax phantoms

Another original goal of this work was to provide the calculation of the effective
dose for the wax phantoms. A code has already been written in Mathematica for
such wax volumes, but it has not been possible to obtain information about the
actual number of photons produced by the Molybdenum X-ray source. As soon
as the tubes’ provider supplies this information, the calculation will be done.

a.5 a course on radiological protection

A course on radiological protection was taken from April 9 to 11 to get the
required legal certification to handle equipments that use ionizing radiation.
The topics of the course were: Radiological protection, nature and production
of ionizing radiations, radiological magnitudes, biological effects of radiation,
personal dosimetry and ionizing radiation detectors.
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R O S I

There is limited information about the installation and use of ROSI. The simula-
tion of the detection of a water filled tube was made by modifying the ROSI.cpp
file -contained in the download package- and creating the geometry of the
desired phantom. This file is what ROSI’s developers refer as “User interface” of
the program.

ROSI runs on LINUX-based platforms. In this work, OpenSuse was the opera-
tive system where the simulation was compiled.

This is a list of steps to perform a MediPix2 simulation using ROSI:

1. Download the source packages: ROSI, LSCAT-GISMO and RAVAR from
http://www.pi4.physik.uni-erlangen.de/~rosi/Giersch/download/index.

php. The ROSI folder contains materials that have already been generated
or required by users.

2. Run the MakeFile as indicated in the INSTALL file (contained in the
root directory of ROSI) for every package. It is suggested to perform the
installation as a “Super User” to avoid complications.

3. This is a modified ROSI.cpp code for the detection of a water filled glass
tube using a 256 ∗ 256 silicon pixel detector array and a pyramidal beam of
a 28 KeV Molybdenum X-Ray source.

#include <time.h>

#include <fstream>

#include <stdio.h>

#include "gismo/GUI.h"

#include "gismo/GUIapp.h"

#include "gismo/ViewList.h"

#include "gismo/GDisplay.h"

#include "gismo/BaseApp.h"

#include "gismo/Interactor.h"

#include "gismo/Material.h"

#include "gismo/Cone.h"

#include "gismo/Box.h"

#include "gismo/Tube.h"

#include "lscat/LSCATInteractor.h"

#include "lscat/LSCATData.h"
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#include "RAVAR.h"

#include "Rosi.h"

#include "units.h"

// path definitions, CHANGE IF YOU WANT TO USE YOUR OWN PATH SETTINGS!

#define RAVAR_LOOKUP_PATH "/Desktop/ROSI/rosi-0.18/ravarLUT/"

#define TUBE_DATA_PATH "/Desktop/ROSI/spectra/"

#define MATERIAL_PATH "/Desktop/ROSI/materials/"

#define Pi 3.1416

PhotonIADetector* xRayDetector;

Rosi::Rosi()

{

numberOfPackages = 100000; //Number of production events

packageSize = 100000; //Number of photons

setStatusServer(new ProgressServer(5007));

// StatusServer will communicate over port 5007

}

int Rosi::initialiseSetup()

{

// definition of some pathes

Material::addPath(MATERIAL_PATH);

Material::addPath(MATERIAL_PATH"elements");

Material::addPath(MATERIAL_PATH"icru46");

RAVAR::DataList::setPath(TUBE_DATA_PATH);

RAVAR::ContinuousRandomVariable::setLookUpPath(RAVAR_LOOKUP_PATH);

// creation of world - an X-ray lab

World* xRayLab;

xRayLab = new World(450 cm); //diameter of world = 450 cm

xRayLab->setKECutOff(0.0 keV);

xRayLab->setMaterial(Material::hatch("vacuum")); //Material of the

world

setWorld(xRayLab);

// initialise interaction physics

addInteractor(new LSCATInteractor("electromagnetic"));

// set max fraction of energy loss of charged particle to 0.1

// default value is 0.5

// a small value costs a lot of time

LSCATData::estepe=0.1;
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// initialise random

Random::generator().setSeed(time(NULL)+2*controlID);

RAVAR::RandomVariable::randomGenerator->setSeed(time(NULL)+2*
controlID+1);

// definition of the X-ray source

PyramidalSource* source = new PyramidalSource(); //Geometry of the

beam

RAVAR::Flat tanDist(-0.1,0.1,"tan_0.1");

RAVAR::ContinuousRandomVariable* tanTheta1 =

new RAVAR::ContinuousRandomVariable(tanDist);

source->setTanTheta1(tanTheta1);

RAVAR::ContinuousRandomVariable* tanTheta2 =

new RAVAR::ContinuousRandomVariable(tanDist);

source->setTanTheta2(tanTheta2);

source->setEnergy0(0);

RAVAR::DataList xtubedata;

xtubedata.load("/Desktop/ROSI/spectra/Mo/28/Mo_28kV.spec"); //Energy

and material of the source

RAVAR::ProbabilityMassFunction xtubeflux(xtubedata);

RAVAR::DiscreteRandomVariable* energy =

new RAVAR::DiscreteRandomVariable(xtubeflux);

source->setEnergy(energy);

source->setEnergyCoeff(1 keV);

source->setDirectionTheta(0);

source->setDirectionPhi(0);

source->setTheta1Coeff(1);

source->setTheta2Coeff(1);

source->setOriginX(0);

source->setOriginY(0);

source->setOriginZ(0);

RAVAR::Flat blur_dist(-1 mm,1 mm,"flat");

RAVAR::ContinuousRandomVariable* blur =

new RAVAR::ContinuousRandomVariable(blur_dist);

source->setBlurX(blur);

source->setBlurY(blur);

source->setBlurZ(blur);

source->setBlurCoeffX(1);

source->setBlurCoeffY(1);

source->setBlurCoeffZ(0);

setGenerator(source);

source->saveTrack=1;

// definition of scatter object(s)

CompositeMedium *object1;
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object1 = new MaterialTubePhantom(3 cm, 3 cm, 4 cm,100 mm, 1.5 mm, 2

mm,

"Glass", "H20");

const Vector axis(0,0,1);

object1->rotateX(90);

object1->setKECutOff(0.0 keV);

object1->setTitle("tube");

object1->move(Vector(0 cm, 0 mm, 27 cm));

xRayLab->addMedium(object1);

ViewList *vl7 = new ViewList();

object1->createDetectorView(*vl7);

viewListList.append(vl7);

// definition of detector(s)

xRayDetector = new PhotonIADetector(11800); // recording max

interactions

Medium *detector;

detector = new Medium();

detector->setKECutOff(0.0 keV);

detector->setTitle("nearlyPerfectDetector");

detector->setMaterial(Material::hatch("Si")); //Material of the

detector

detector->setVolume(new Box(14 mm,14 mm, 300 mum)); //Geometry of

the detector

detector->move(Vector(0 cm, 0 cm, 31 cm)); //Location of the

detector

detector->setDetector(xRayDetector); //Type of detector

xRayLab->addMedium(detector);

ViewList *vl2 = new ViewList();

detector->createDetectorView(*vl2);

viewListList.append(vl2);

return 0;

}

// definition of the data format. This definition includes the

dimensions of

// the 256*256 detector array

int Rosi::initialiseSimDataContainers()

{

simDataContainerList.append(new Histogram2D(256,-7 mm,7 mm,

256,-7 mm,7 mm)); // A

256*256 array

return 0;

}
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int Rosi::simulatePackage(int packageSize)

{

for (int n = 0; n < packageSize; n++) {

trigger();

if (xRayDetector->getNumberOfInteractions()){

(*((Histogram2D *) simDataContainerList[0]))

<< xRayDetector->getEndX(0)

<< xRayDetector->getEndY(0);

}

}

return 0;

}

// exporting the results

int Rosi::saveSimData()

{

std::ofstream file;

file.open("detectorconmedio_H20.dat"); //File name

if (!file) {std::cerr << "rosi::saveSimData: file error!\n";}

else {

file << *((Histogram2D *) (simDataContainerList[0]));

file.close();

}

return 0;

}

// running the simulation

int main(int argc, char *argv[])

{

Rosi simulation;

simulation.start(argc, argv);

printf("END");

return 0;

} �
4. Run the MakeFile provided in the “Examples” folder of ROSI using the

name of the simulation. This will compile the program. Then, a file is
generated with the results of the simulation. The data processing can be
done using ROOT.
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