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ABSTRACT

The work included in this thesis is framed on one of the lines of research carried out by
the Biomedical Imaging and Instrumentation group from the Bioengineering and
Aerospace Department of Universidad Carlos Ill de Madrid working jointly with the
Gregorio Maraidon Hospital. Its goal is to design and develop a new generation of
Radiology Systems, valid for clinical and veterinary applications, through the research
and development of innovative technologies in advanced image processing oriented to
increase image quality, to reduce dose and to incorporate tomography capabilities.
The latter will allow bringing tomography to situations in which a CT system is not
allowable, due to cost issues or when the patient cannot be moved (for instance,
during surgery or ICU). It may also be relevant to reduce the radiation dose delivered
to the patient, if we can obtain a tomographic image from fewer projections than using

a CT.

In that context, this thesis deals with incorporating tomography capabilities in a system
originally design for planar images: the SIREMOBIL C-arm developed by SIEMENS. The
system consists of an X-ray generator and a detector mounted in an arc-shaped

wheeled base that allows a great variety of movements.

The use of this C-arm for tomography presents several difficulties: (1) the detector is
an image intensifier which is an analog detector with image distortions, (2) the system
may have mechanical strains changing the relative positions of the source and
detector, and (3) the movements of source-detector pair may differ from a circular
path. To obtain good quality images, it is necessary to design a new acquisition
protocol that solves the effects of these non-idealities including an exhaustive

calibration of the system, not needed when it is used for planar imaging.

First a calibration algorithm has been adapted to the system under study. Besides the
mechanical calibration of the source and detector relative positions, it is necessary to
obtain the angular position of the complete system. This work presents the effects of
errors in the angle estimation and describes the implementation of a positioning

system that obtains the angular position with the required precision for a tomographic
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reconstruction. A digital detector has also been incorporated to the system to solve
the drawbacks of the image intensifier together with the development of a software
tool to transform the data acquired into in the appropriate format for the

reconstruction software.

Evaluation of the proposed acquisition protocol on phantoms and rodent data show

the feasibility of the proposal.

Part of this project has generated a scientific publication and was presented as an oral
communication at the Congreso Anual de la Sociedad Espafiola de Ingenieria
Biomédica (CASEIB). Finally, it should be noted that the work of this thesis has a clear
application in industry, since it is part of a proof of concept of the new generation of C-

arm systems which will be commercialized worldwide by the company SEDECAL.
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RESUMEN

El trabajo presentado en esta tesis forma parte de una linea de investigacion llevada a
cabo por el Grupo de Instrumentacion e imagen Médica del departamento de
Bioingenieria y Aeroespaciales de la Universidad Carlos Ill de Madrid en colaboracion
con el Hospital Gregorio Marafién. Tiene por objetivo el disefio y desarrollo de una
nueva generacion de sistemas radioldgicos, con aplicacidn tanto en clinica como en
veterinaria, a través de la investigacion y el desarrollo de las nuevas tecnologias
orientadas a la mejora de la calidad de la imagen, con el fin de reducir la dosis recibida
por el paciente e incorporar capacidades tomogrdaficas. Esta ultima caracteristica
permitiria el uso de la tomografia en situaciones en las que no es posible utilizar un
sistema TAC, ya sea por razones econémicas o porque el paciente no puede ser
desplazado (por ejemplo, durante una cirugia o porque se encuentra en la UCI). Otro
punto relevante seria la reduccion de la dosis de radiacién recibida por el paciente, al
poder obtener imdgenes tomograficas usando menos proyecciones que utilizando un

TAC.

En este contexto, esta tesis trata de incorporar capacidades tomograficas a un sistema
originalmente diseflado para obtener imdagenes planas, en particular, el arco en C
SIREMOBIL desarrollado por SIEMENS. Este sistema consta de una fuente de rayos X y
un detector montados sobre una base con forma de arco que permite una gran

variedad de movimientos.

El uso de este arco en C como tomaégrafo presenta varias dificultades: (1) el detector es
un intensificador de imagen, que es un detector analdgico que presenta distorsiones
en la imagen, (2) el sistema puede presentar deformaciones mecdnicas que resultan en
el cambio de la posicion relativa de la fuente y el detector, y (3) los movimientos del
conjunto fuente-detector pueden diferir de una trayectoria circular. Para obtener
imagenes de buena calidad, es necesario disefar un nuevo protocolo de adquisicion
gue solucione los efectos de estas deficiencias incluyendo una calibracion exhaustiva

del sistema, no necesaria cuando es usado para obtener imagenes planas.
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En primer lugar, se ha adaptado un algoritmo de calibracion al sistema en estudio.
Ademas de la calibracién mecdanica de la posicidn relativa de la fuente y del detector,
es necesario obtener la posicion angular del sistema en su conjunto. Este trabajo
presenta los efectos de errores en la estimacién de la posicidon angular y describe la
implementacién de un sistema de posicionamiento que obtiene la posicién angular con
la precision necesaria para llevar a cabo una reconstruccion tomografica. Un detector
digital ha sido también incorporado al sistema para solucionar los inconvenientes
derivados del intensificador de imagen. Ademds, se ha desarrollado un software que
permite adaptar los datos adquiridos al formato utilizado por el software de

reconstruccion.

Resultados de la evaluacién del protocolo de adquisicién propuesto en un maniqui de

calibracion y en un roedor muestran la viabilidad de la propuesta.

Parte de este proyecto ha generado una publicacién cientifica que ha sido presentada
como comunicacion oral en el Congreso Anual de la Sociedad Espanola de Ingenieria
Biomédica (CASEIB). Finalmente, cabe destacar que el trabajo de esta tesis tiene una
clara aplicacion industrial, ya que forma parte de una prueba de concepto de la nueva
generacioén de sistemas de arco en C que comercializard la empresa SEDECAL en todo

el mundo.
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1.INTRODUCTION

1.1 Introduction to X-ray

X-rays were discovered by Wilhelm Konrad Roéntgen in 1895 while he was
experimenting with cathode tubes. In these experiments, he used fluorescent screens,
which start glowing when struck by light emitted from the tube. To Rontgen’s surprise,
this effect persisted even when the tube was placed in a carton box. He soon realized
that the tube was emitting not only light, but also a new kind of radiation, which he
called X-rays because of their mysterious nature. This new kind of radiation could not
only travel through the box. Rontgen found out that it was attenuated in a different
way by various kinds of materials and that it could, like light, be captured on a
photographic plate. This opened up the way for its use in medicine. The first “Réntgen
picture” of a hand was made soon after the discovery of X-rays. No more than a few
months later, radiographs were already used in clinical practice. The nature of X-rays

as short-wave electromagnetic radiation was established by Max von Laue in 1912.

X-rays are electromagnetic waves. Electromagnetic radiation consists of photons. The

energy E of a photon with frequency f and wavelength A is:

where h is Planck’s constant and c is the speed of light in vacuum; hc = 1.2397 x 107
eV m. The electromagnetic spectrum (see Figure 1.1) can be divided into several
bands, starting with very long radio waves, extending over microwaves, infrared,
visible and ultraviolet light, X-rays, used in radiography, up to the ultrashort-wave, high
energetic y-rays. The wavelength for X-rays is on the order of Angstrgms (10~1°m)
and, consequently, the corresponding photon energies are on the order of keV (1 eV =
1.602 x 10-19 J). In medical imaging, X-ray photons of energies between 10 keV and
150 keV are used [1].When working with X-ray between 10 eV and 30 keV, are called

“soft” and are used in microscopy.
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Figure 1. 1 Electromagnetic spectrum and X-ray position.

1.2 Generation of X-rays

X-rays are generated in an X-ray tube, which consists of a vacuum tube with a cathode

and an anode (Figure 1.2). The cathode current releases electrons at the cathode by

thermal excitation [2]. These electrons are accelerated toward the anode by a high

voltage applied between the cathode and the anode. The electrons hit the anode and

release their kinetic energy mainly as heat and only a 4% as X-ray photons.

Stator
electromagnets

Armature

Rotating
portion

Molybdenum

neck and base [ X-ray

beam
Leviivam

rotating anode

SN

3 bearings
2 ‘ \ ﬁ -
_— LI

cathode

Filament
— circuit

Filament

Electron beam

Figure 1. 2 (Left) Sketch of an X-ray tube. (Right) Typically rotating anode X-ray tube.

When the electrons hit the target, X-rays are created by two different atomic

processes:
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bremsstrahlung and characteristic radiation. Bremsstrahlung yields a continuous X-ray
spectrum while characteristic radiation yields characteristic peaks superimposed onto

the continuous spectrum (Figure 1.3)[3]

*  Bremsstrahlung or braking radiation: occurs only when the incident electron
interacts with the force field of the nucleus. The incident electron must have
enough energy to pass through the orbital shells and approach the nucleus of
the atom. Due to the positive charge of the nucleus, the incident electron slows
down and changes its course. As a result, the electron loses energy and changes
direction.

Characteristic radiation: The energy of the electrons at the cathode can release
an orbital electron from a shell (e.g., the K-shell), leaving a hole. This hole can
be refilled when an electron of higher energy (e.g., from the L-shell or the M-
shell) drops into the hole while emitting photons of a very specific energy. The
energy of the photon is the difference between the energies of the two
electron states; for example, when an electron from the L-shell (with energy
E;) drops into the K-shell (getting energy E}) a photon of energy

E=E —E;
is emitted. Such transitions therefore yield characteristic peaks in the X-ray

spectrum.

a) O Ejected orbital electron

Path of
- incident
electron

Incident electron
after interaction

Muitiple
photon

emission

Bremsstrahlung
photon

emission

Figure 1. 3 Sketch of the processes involved in the generation of X-rays: (Left) Bremsstrahlung
and (Right) characteristic radiation (a) Ejection of orbital electrons. (b) Emission of

characteristic photons.
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Figure 1. 4 Characteristic form of the X-ray emission spectrum due to the typical phenomena that
occur in the X-ray tube. Source: [1].

The important parameters of an X-ray source are the following.

The amount of electrons hitting the anode and, consequently, the amount of
emitted photons controlled by the cathode current multiplied by the time the
current is on.

The energy of the electrons hitting the anodes and, consequently, the energy of
the emitted photons controlled by the voltage between cathode and anode.

The total incident energy at the anode, defined by the product of the voltage,

the cathode current and the time the current is on.

1.2.1 X-ray interaction with matter

X-ray photons are able to ionize an atom, i.e. to release an electron from the atom.
Photons with energy less than 13.6 eV are nonionizing. These photons cannot eject an
electron from its atom, but are only able to raise it to a higher energy shell, a process
called excitation. In the energy spectrum commonly used in radiology (10-150 keV),

ionizing photons can interact with matter in different ways.
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Figure 1. 5 Diagram of the different phenomena produced by the interacting X-ray photons with soft
tissue (photoelectric effect, Compton, Rayleigh and pair production) as a function of the energy of
these photons. The red box shows the energy range (keV) used in medical imaging where photoelectric
effect, Rayleigh and Compton are present.

These processes occur due to the following phenomena (see Figure 1.6):

The energy of X-ray photons can be absorbed by an atom and immediately
released again in the form of a new photon with the same energy but traveling in
a different direction. This nonionizing process is called Rayleigh scattering or
coherent scattering and occurs mainly at low energies (<30 keV).

A photon can be absorbed by an atom while its energy excites an electron. The
electron then escapes from its nucleus in the same direction as the incoming
photon was traveling. This mechanism is called photoelectric absorption.

Other possibility is that the photon transfers only part of its energy to eject an
electron with a certain kinetic energy. In that case, a photon of the remaining
lower energy is emitted and its direction deviates from the direction of the
incoming photon. The electron then escapes in another direction. This process is

called Compton scattering.
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Figure 1. 6 Diagrams of the processes that occur when X-ray photons interact with matter: (a)
Photoelectric effect, (b) Compton effect and (c) Rayleigh effect.

1.2.2 Scatter reduction

Scatter radiation is produced during a Compton interaction. In this interaction, a
primary photon interacts with an outer-shell electron and changes direction, thereby
becoming a scattered photon. Scattered photons are not a part of the useful beam and
will impair image quality by placing exposures on the image receptor that are

unrelated to patient anatomy.

1.2.2.1 Beam Collimation

Beam collimation consists on the reduction of the size of the surface area on the
patient exposed by the primary beam. Beam collimation improves the quality of the
radiograph by decreasing the amount of scatter radiation. However, when the beam is
restricted, less scatter radiation will reach the image receptor and, as a result,
technical factors may need to be increased to compensate for the reduction in the

overall image receptor exposure.

Beam restriction can be carried out using different devices:

¥ Carlos 1T de Madrid
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Aperture diaphragm

It is a flat sheet of metal, usually lead, with an opening cut in the center and attached
to the X-ray tube port. It is simple and low cost, used in special procedures

angiography studies.

\ -
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Figure 1. 7 Aperture diaphragm.

Cone/Cylinder

They are essentially circular aperture diaphragms with metal extensions. A cone
has a extension that flares or diverges, with the upper diameter smaller than the
bottom flared end, and a cylinder does not flare. They are simple and low cost, but

their main disadvantage is the fixed field size. They are rarely used today.
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Figure 1. 8 Cone/cylinder.
Collimator
It is the most widely used beam restrictor. A collimator permits an infinite number of

field sizes. It also has the advantage of providing a light source to the radiographer as

an aid in properly placing the tube and central ray. Automatic collimators are
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electronically interlocked with the Bucky tray so the X-ray beam is automatically

restricted to the size of the cassette.

| \\ Collimator

Figure 1. 9 Collimator.

1.2.2.2 Air Gap

This method consists of separating the patient’s body and the receptor surface. This
allows the reduction of some scattering radiation that would not reach the detector

due to that separation.

O Xeray Tube O X-ray Tube

Paticni

. Palienl
Deleclor I Deleclor

Figure 1. 10 Scatter reduction by air gap.

1.2.2.3 Grids

A grid is a device that is placed in front of the detector to absorb the scattered

radiation before it can reach the image receptor.

Because a grid is designed to absorb the unwanted scatter radiation, it is especially
important when imaging thicker-larger body parts and with procedures that require

higher-kVp techniques.

A grid is made of a radiopaque septa (radiopaque strips) separated by radiolucent

interspace material. The radiopaque septa needs to absorb the scatter radiation and

8
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must therefore be made of a dense material with a high atomic number. Lead is the
material of choice because it is inexpensive and easy to make thin strips. The

interspace material must be radiolucent (allows radiation to pass easily through).

{3

(Lo o

detector

Figure 1. 11 Scatter elimination using a grid.

1.2.3 X-Ray detection

To produce an image from the attenuated X-ray beam, the X-rays need to be captured
and converted to image information. The first X-ray detectors used in medicine were
based on photographic film covered by a silver emulsion. Photographic film is very
inefficient for capturing X-rays. Only 2% of the incoming X-ray photons contribute to
the output image on a film. The low sensitivity of film for X-rays would vyield
prohibitively large patient doses. Therefore, an intensifying screen is used in front of
the film (Figure 1.12). When X-rays interact with the fluorescent screen, light photons
are released to excite the photographic film. This reduces the amount of radiation

needed to obtain a good quality image, decreasing X-ray dose to the patient.

Plastic front
Front intensi ﬂ\
Double sided

film —
Rearmtmsxﬁer/v"' R

-y

A\ N

Felt backing

Metal back

Figure 1. 12(Left) Cross section representation of a film covered on both sides by a
fluorescent screen and (Right)example of commercial intensifier screen.
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Computed radiography (CR) substitutes the screen-film combination by a

photostimulable storage phosphor imaging plate (PSP) in the 80’.

The image formation occurs when electrons jump from valence band to conduction
band as a result of photoelectric interactions, and these electrons are trapped by the
impurities in the scintillator (latent image). The latent image is stored for long time

(~8h after the acquisition it lose about 25%).

The latent image is processed by loading the cassette into an image reader device (IRD)
where the imaging plate is scanned by a helium-neon laser beam. These laser beam
scans produces the phosphors to emit the stored latent energy in the form of light
photons, which are detected by photosensitive receptors and converted to an
electrical signal, which is in turn converted to a unique digital value for that level of
luminescence (analog-to-digital converter). Finally, the remaining energy is erased with

strong light. The complete process is outlined in Figure 1.13.

. XRAYS L

‘:: | B BE BE B
/ I I | l | | \ Storage of x-ray energy

I Storage phosphor IP ] '

ASER

ol '\ Readout process

I Storage phosphor IP I

LIGHT -
/ \ \ Conversion to
I Photomultiplier, A/D-Converter I f""'i‘"»l”‘»"“"?“ —

Figure 1. 13 Composition diagram of a CR digital detection system. Source: [17].

Other type of X-ray detector is the image intensifier (Figure 1.14). It is a large image
tube that converts a low intensity X-ray image into a visible image. X-rays incident on
an image intensifier are transmitted through an aluminum metal input window with
high X-ray transmittance and less scattering. They are then absorbed by an input
phosphor screen (cesium iodide crystal) and converted into a light image. On the inner
surface of the input phosphor screen, a photocathode is formed, where the light image
is converted into a photoelectron image. The photoelectron image is then accelerated

and focused by an electric lens (electric field) consisting of an input window, focused
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electrodes and an anode to collide with an output phosphor screen. The output
phosphor screen then, again, converts this photoelectron into a visible light image.
Since the photoelectron image is condensed by the electric lens to increase the density
of electrons and simultaneously accelerated by a high electric field to collide with the
output phosphor screen, the output image is approximately ten thousand times
brighter than it would be obtained when the phosphor screen is placed at the input
surface position of the X-ray image intensifier. These parts are all mounted in a high

vacuum environment within glass or more recently, metal/ceramic.

EVACUATED TUBE

INPUT PHOSPHOR

QUTPUT WINDOW

—_
XRAYS ey =P /
— —_—
> —> —_—
, —> > LiGHT
X-RAYS mp —P ol — »
—_ =
— ww— /|
“\\\00“ W OUTPUT
et PHOSPHOR

PHOTOCATHODE

Figure 1. 14 Components of an image intensifier tube.

Once the output image is obtained, viewing of the data was via mirrors and optical
systems until the adaptation of television systems in the 1960s. The output can now be
captured on a camera using pulsed outputs from an X-ray tube similar to a normal

radiographic exposure.

CR still requires multiple steps for the technologist, so other approaches have come
up. Flat panel detector digital systems (DR) have eliminated cassettes and have
reduced the number of steps to perform exams. DR systems use either direct or

indirect detector (Figure 1.15).

e Direct detectors directly covert incoming X-ray photons to an electronic digital
signal.

e In indirect conversion (e.g. flat panel detectors), X-ray photons are first
converted into visible light proportionally to the detected photons and then

these light photons are converted into electrical charges by a photodiode array.

11
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Figure 1. 15 (Left) Indirect conversion. (Right) Direct conversion.

1.3 Fluoroscopy system

1.3.1 C-arm

A mobile C-arm is a medical imaging device that is based on X-ray technology and can
be used flexibly in various operating rooms within a clinic. The name is derived from

the C-shaped arm used to connect the X-ray source and X-ray detector to one another.

A C-arm comprises a generator (X-ray source) and an image intensifier or flat-panel
detector. The C-shaped connecting element allows movement horizontally, vertically
and around the swivel axes, so that X-ray images of the patient can be produced from
almost any angle. The generator emits X-rays that penetrate the patient's body. The
image intensifier or detector converts the X-rays into a visible image that is displayed

on the C-arm monitor. It is designed to obtain planar images.

It is a fluoroscopy system, which means that real-time moving images can be obtained.
This is useful for both diagnosis and therapy and occurs in general radiology,

interventional radiology, and image-guided surgery.

Figure 1. 16 Example of a C-arm.
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1.4 Tomography systems

The origin of the word "tomography" is from the Greek word "tomé" meaning "slice"
or "section" and "grafos" meaning "drawing." A CT imaging system produces cross-

sectional images or "slices" of anatomy.

Depending on the detector shape, there are three possible configurations: parallel
beam, fan beam and cone beam geometry (Figure 1.17). Parallel beam refers to a
source and a 1-element detector moving in parallel with small increments to fill in one
projection line. Then the pair source-detector rotated around the object under study
to obtain a new projection line in different projection angles. Fan beam geometry was
developed in order to make a good use of the radiation emitted by the tube in
directions different from the perpendicular to a certain plane and reduce the number
of displacements of source and detector, the 1-element detector evolved into a line of
detector elements. In this type of systems the paths described by the rays are not
parallel anymore, but diverge from the same point forming the shape of a fan. The
idea of fan-beam was extended to three dimensions in order to have faster
acquisitions. Using the rays emitted in all directions the detector became a plane. In
these systems, rays pass through the body forming a cone, following the geometry

known as cone-beam.

detector

/(\ P detector : detector

source

source

source

Figure 1. 17 CT geometries: (Left) parallel-beam. (Middle) fan-beam. (Right) cone-beam geometry.
Source: [18].
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1.4.1 Projection

Data recorded on the detector is known as projection. We will start with a simple
example of a 2D image with different attenuation coefficients (different values) and
parallel beam geometry configuration (Figure 1.18). Projection for projection angle
©=0 would be the sum of the attenuation coefficients through the different horizontal
ray trajectories. Each projection recorded data represents the total attenuation
traversed by an X-ray and t axis represents the distance of from the X-ray to the object
center of coordinates. Nevertheless, this information is not enough to know the
disposition and values of attenuation of the whole object. If a new projection is taken
for ©=90, we will also have information of the total attenuation through the vertical
axis. For solving this simple example only two rays for two different projection angles
are needed: they form a system of four equations with four unknowns. However, in a
real case, the number of unknowns is greater so more projections will be needed to be

able to reconstruct the object in a scanner.

M+ =6
®  Lu-d
»
E — Different information

about the object
Projection for & =90° t \9 ,

—T A

----- =3

Projection for 8 = 0°

Figure 1. 18 Example to show the concept of projection.
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1.4.2 Reconstruction: Methods

Image reconstruction in CT is a mathematical process that generates images from X-ray
projection data acquired at many different angles around the patient. Image
reconstruction has a fundamental impact on image quality and therefore on radiation
dose. Two major categories of methods exist, analytical reconstruction and iterative

reconstruction.

1.4.2.1 Analytical reconstruction methods

The analytical approaches for image reconstruction are based on the discretization of
an idealized mathematical model in the continuous space, assuming that the

projections are line integrals of the volume to reconstruct.

They assume that the projections are line integrals of the volume to reconstruct

defined by the following equation for parallel rays case (Figure 1.19).

Py(t) = f fx,y)ds = f f(x,y)6(x - cos® + y - senf — t)dxdy
6.t) oo

I =x-cos6, +y-send,

Figure 1. 19 Sketch of projection. Lines represent parallel rays that go through the object f(x,y) for
projection angle 6, and integrals along each line represent the projection value for this angle, P g(t).

The function Py(t) is known as the Radon transform of the function f(x, y). The Radon
transform in two dimensions is the integral transform consisting of the integral of a
function over straight lines. In other words, it is the integration of the object along the
line perpendicular to the vector that joins that point to the origin. A projection is

formed by combining a set of line integrals.
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In order to establish a relationship between the projections and the object, the central
slice theorem is used. It is the basis of the Radon Transform inversion. The theorem
states that “Fourier transform of a parallel projection of a f(x,y) distribution for a ©
angle, is equal to the values of the 2D Fourier transform of a distribution in the line
passing through the origin and forming the same angle with u axis” [4].Figure 1.20

illustrates the central slice theorem.

Figure 1. 20 Central slice theorem. Source: [19].

In order to invert the Radon transform to obtain the desired image, two different
methods can be used: the ones based on the Fourier inverse transform and the ones

based on Filtered Backprojection (FBP).

Fourier Direct Method

We can calculate the 1D Fourier transform of the projections at different angles of a
certain object f(x,y) and then, using the central slice theorem, we can determine the
values in the 2D Fourier transform in the object, F(u,v). In the ideal case in which an
infinite number of projections were taken, every point in F(u,v) would be known and

therefore, f(x, y) could be recovered exactly using the Fourier inverse transform.

Nevertheless, in practice, a finite set of projections is available and the function F(u, v)

is only known along a finite number of radial lines. In order to be able to use the FFT

16

¥ Carlos 1T de Madrid



Universidad
Carlos Il de Madrid

- g 2 ST
q Hospital General Universitario
Gregorio Maranén
SaludMadrid

Comunidad de Madrid

(Fast Fourier Transform), one must then interpolate from these radial points to the
points on a square grid as indicated in the middle panel of Figure 1.21. This step is the
most delicate one in these methods: since the density of the radial points becomes
sparser as one gets farther away from the center, the interpolation error also becomes
larger. This implies that there is a higher error in the calculation of the high frequency
components of an image than in the low frequency ones, which results in some image

degradation.

'Interpolation

S TEpe 0]

Folar coordinates Cartesian coordinates Criginal Image

Figure 1. 21 Direct reconstructing methods. The left image corresponds with the 2D Fourier
transform of the object in polar coordinates, central graphic is the same transform in Cartesian
coordinates after interpolation and the image on the left represents the object, after carrying out the
inverse 2D Fourier transform. Source: [19].

Filtered Backprojection

The Filtered Backprojection algorithm allows for the reconstruction of a two-
dimensional function from a set of one-dimensional projections. As the name of the

algorithm implies, the projections are filtered prior to backprojection.

A simple example to explain the concept of backprojection is shown in Figure 1.22. The
image backprojected for the angle ©= 02 is calculated by repeating the attenuation
values accumulated for each of the horizontal rays. In the same way, we obtain the
backprojected image for angle 6= 902. The final backprojection image will be the sum

of the backprojected images for every angle.
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Figure 1. 22 Basic example illustrates the concept of backprojection.

As mentioned before, in a real case (with more pixels), more projections are needed.
Figure 1.23 illustrates some examples from different backprojected images. The high
low frequency component produces the blurring of the backprojected image. For this

reason, it is needed to filter this image in order to recover the original image.

Figure 1. 23 Original image (top) consists of a single point. In the bottom part, images resulting from
backprojection of 3, 6 and 360 degrees respectively are shown. In the last case, it can be seen how
edges are smoother.
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When the Random transform, f(t,0), is displayed as an image with t and ,0 as
rectilinear coordinates, the result is called a Sinogram. The sinogram contains the data
necessary to reconstruct f(x,y). Each row of a sinogram is a projection along the

corresponding angle on the vertical axis.

In Figure 1.24 can be seen the effect of applying the filter. In the case in which the
sinogram is backprojection without applying the filter, the result is a blurred image
with very high low frequency component. Nevertheless, if a ramp filter is applied to
the initial sinogram, high frequencies are enhanced, while keeping low frequencies,

resulting in better reconstruction results.

Sinogram Image

®
E]
.

Backprojection

!

Ramp " Ramp
Filter Filter
/‘2“ [

@& Filtered

Backprojection

Filtered sinogram

Figure 1. 24 Scheme of the different steps in the FBP and the filter effect

FDK Reconstruction

Most of the scanners for are based on cone-beam geometry with a detector orbiting in
a circular path. The reconstruction of these systems is done based on the method

proposed by Feldkamp, Davis and Kress algorithm method (FDK). [5]

To develop this method, the problem is studied introducing a third coordinate to the
FBP reconstruction so that all rays can be considered from the proper coordinate
system transformations. Furthermore, the real coordinates system is matches with
the object coordinate system in order to obtain a more efficient implementation.

(Figure 1.25).
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Figure 1. 25 (a) perspective view, (b) front view and (c) lateral view of cone beam geometry. For
reconstruction, real detector coordinate system will be matched with virtual detector coordinate
system.

The mathematical derivation of this reconstruction method results in the following equation:

1 27 VFo 22 VFo VFo
fu,v,z) == ["—2= [ Rp(s,z)h( —5) dsdp
270 (vpo-v)? s VEO—V ’v§0+zz+u2
In cone beam with circular trajectory, projections from every angle are obtained but
with information of different planes. Using FDK, the sufficiency condition is softened
since it supposes that he whole volume can be reconstructed slice by slice although

the Radom space is not complete.

1.4.2.2 Iterative reconstruction methods

These methods propose a different way of solving the reconstruction. These
techniques are a better, but computationally more expensive, alternative to FBP
methods. The aim of these methods is to find a vector f what satisfiesp = A-f.
Where p corresponds to the projections data along the different rays and A to the
weights that represent the contribution of every pixel for all the different rays in the
projection. The principle is to find a solution by successive estimates. In order to
implement these algorithms, we first make an initial guess f(o) at the solution. Then

we take successive projections. The projections corresponding to the current estimate
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are compared with the measured projections. The result of the comparison is used to

modify the current estimate, thereby creating a new estimate.

1.5 Artifactsin CT

The term "artifact" refers to any systematic discrepancy between the reconstructed
image and the actual attenuation coefficients of the object. The CT images are more
prone to artifacts than conventional radiographs because the image is reconstructed
from the order of a million measures from independent detectors; reconstruction
algorithms assume that all these measurements are consistent, so any measurement

error will be reflected as a error in the reconstructed image.

The sources of artifacts can be classified in four categories: (1) artifact due to physics,
(2) due to subject, which are caused by such factors as patient movement or the
presence of metallic materials in or on the patient, (3) caused by imperfections in the

scanner and (4) artifacts produced by the image reconstruction process.

1.5.1 Physics-based artifacts

1.5.1.1 Beam hardening

An X-ray beam is composed of individual photons with a range of energies. As the
beam passes through an object, it becomes harder, i.e. its mean energy increases,
because the lower energy photons are absorbed more rapidly than the higher energy
photons. Two types of artefact can result from this effect: so-called ‘cupping’ artefacts

and the appearance of dark bands or streaks between dense objects in the image.

There are two factors involved in the origin of beam hardening: the attenuation
coefficients dependency on energy and the polyenergetic nature of the X-ray source
beam. . As the beam passes through an object, it becomes harder, i.e. its mean energy
increases, because the lower energy photons are absorbed more rapidly than the
higher energy photons. This is a direct consequence of the energy-dependence of
attenuation coefficients, which are higher at lower energies. Because of this, X-ray
travelling in different trajectories across an object, will emerge with different spectra,

giving rise to data inconsistencies that result in reconstruction artifacts.
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Two types of artefact can result from this effect: so-called ‘cupping’ artefacts and the
appearance of dark bands or streaks between dense objects in the image. These

effects are illustrated on Figure 1.26.

: ’“‘l-';w"'.l"-‘ P :,'a'&‘-"\‘i,&s"r.‘-,ﬂ' e

Figure 1. 26 (a) CT Axial section of a homogeneous cylinder without beam hardening in which the
yellow line represents the profile across the red line, (b) same axial section with beam hardening, in
which the cupping artifact can be observed; (c) axial section of brain CT without beam hardening, (d)
same axial section of brain CT with beam hardening artifact; difference between these two images is

highlight with the red arrow. Source: [6].

1.5.1.2 Photon starvation
When an insufficient number of photons reach the detector, a phenomenon known as

photon starvation occurs.

In dense areas, many photons are absorbed and not reach the detectors, resulting in
very noisy projections due to the decrease of signal to noise ratio. In the reconstructed

image various artifacts, such as the white streaks observed in Figure 1.27, will appear.
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Figure 1. 27 (Left) Axial and (right) coronal images showing streaking artifact due to photonstarvation
Source: [6].

1.5.2 Patient-based artifacts

1.5.2.1 Metallic materials

The presence of metal objects in the field of view can introduce artifacts that degrade
the image quality, as can be shown in the example in Figure 1.28. This is due to the
high attenuation coefficient of these objects to the X-rays, which prevents signal

reaches the detector.

Figure 1. 28 CT image showing the appearance of artifact caused by metallic artifacts [6].

1.5.2.2 Patient motion

Potential patient motion can result in inconsistent projections, causing artifacts in
reconstructed images that appear as bands in the example to the left in Figure 21.
Moreover, involuntary movements such as breathing may cause significant artifacts in

the area of the diaphragm, as is shown in the right panel of Figure 1.29.
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Figure 1. 29 (Left) CT image with artifacts due to patient motion. (Right) Coronal and sagittal CT
image slices where the arrow points to a liver structure that is inserted into the lung due to movement
of the diaphragm. Source: [6].

1.5.3 Scanner-based artifacts
1.5.3.1 Ring artifacts

In CT that uses flat-panel detectors and that describe circular paths, ring artifacts appear
in the reconstructed images, which impede quantitative analysis of the images as can
be seen in Figure 1.30. These artifacts are due to differences in gain at the pixel

detector.

Figure 1. 30 Axial section of a brain CT image. Red arrow indicates the presence of ring artifact.
Source: [6].
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1.5.3.2 Mechanical artifacts

The origin of this artifact resides in tolerances in the manufacturing process, especially
in the mechanical positioning of the detector. The detector can have different

geometric misalignments from its ideal position in the scanner.

The possible configurations are shown in Figure 1.31: (a) Vertical and horizontal
displacement of the detector; (b) rotation of the detector with respect to the z axis,
parallel to detector plane columns; (c) detector tilt towards the x ray source around u

axis; (d) skew of the detector in its plane.

)
(a) Linear shifts (b) Roll

Figure 1. 31 Linear shifts, roll and tilt out of the detector plane, and skew (in the detector plane) . [z, s] and
[u,v,z] are the coordinate systems in the detector and the FOV respectively and S represents the position of
the X-ray source. Source: [20].

Depending on the geometric misalignment, different artifacts appear in the
reconstructed image. Figure 1.32 illustrates the artifact formed in a CT image

acquisition by a detector whose plane is horizontally shifted

Figure 1. 32 (Left) Reconstructed image without geometric misalignment. (Right) Reconstructed image
with horizontal detector displacement. Source: [21].
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1.5.4 Reconstruction artifacts

1.5.4.1 Number of projections and samples

There are two important factors for reconstruction in the data acquisition: number of
samples in each projection and number of projections. A small number of any of these
variables may produce different kinds of artifacts in the reconstruction as can be seen

in Figure 1.33: Gibbs phenomenon, bands and streaks and Moiré effect.

A large number of projections (K) and a low number of samples per projection (N),
leads to significant artifacts in the form of bands due to overlap or aliasing. These
artifacts occur because the projection is sampled at a number less than the Nyquist
frequency, i.e. the theoretical bandwidth of the projection in Fourier space is higher

than the sampling frequency.

Moreover, a low number of projections will also lead to artifacts due to lack of data

acquired in the angular dimension.

Figure 1. 33 (Left) Reconstruction with not enough number of projections. (Right) Reconstruction with
a small angle span.

The number of projections should be slightly higher than the number of samples or the
number of rays in each projection (in the case of parallel rays) and their relationship is

determined by the following expression [4]:

K~7z'
N2
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1.5.4.2 Truncation artifact

If any portion of the patient lies outside the scan field of view, the computer will have
incomplete information relating to this portion and streaking or shading artifacts are
likely to be generated. Furthermore, if the FBP method is used to reconstruct the
image, the filter step will increase the high frequencies causing bright shading in the

area where the truncation has occurred. This is illustrated in Figure 1.34.

Figure 1. 34 CT image showing truncation artifact (bright shading) because of patient diameter (70
cm) was bigger than field of view (50 cm of diameter).
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2.MOTIVATION AND OBJECTIVES

2.1 Motivation

In the area of radiological technologies, recent years are seeing a rapid advance
towards the digital equipment. The introduction of digital detectors in conventional
radiology systems not only allows an easier handling of imaging studies with PACS
(Picture Archiving and Communication System), but also opens the door to a
revolution in the field of so-called "Conventional" Radiology. This digitalization raises
the opportunity of using advanced processing methods that convey significant
advantages compared to previous technology, especially in terms of increase the
contrast and dynamic range of images and, more interestingly, of obtaining studies in
which the third spatial dimension is included. The latter will allow bringing tomography
to situations in which a CT system is not available due to cost issues or when the
patient cannot be moved (for instance, during surgery or ICU). It may also be relevant
to reduce the radiation dose delivered to the patient, if we can obtain a tomographic
image from fewer projections than using a CT. With this revolution, radiology
equipment, which currently accounts for over 80% of imaging studies in the clinic, will
have an even more important role in the near future for both the patient and the

health system.

On the other hand, in the US there is a big social concern with the dose delivered to
the patient, particularly important in pediatrics, which is creating a new regulation in
this area with the aim of reducing to the minimum possible value the dose in
radiological studies, according to the ALARA principle ("As Low As Reasonably
Achievable"). Although this emphasis on reducing this dose received by the patient is
not yet evident in Europe, extrapolating the trend in the US, we can expect to have an
increasing (and reasonable) pressure in order that imaging systems use the lowest

possible dose.

The work included in this thesis is framed on one of the lines of research carried out by
the Biomedical Imaging and Instrumentation group from the Bioengineering and

Aerospace Department of Universidad Carlos Il de Madrid working jointly with the
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Gregorio Marafion Hospital through its Instituto de Investigacion Sanitaria. This line of
research is carried out in collaboration with the company SEDECAL and has a clear
orientation towards the technology transfer to the industry. Its goal is to design and
develop a new generation of Radiology Systems, valid for clinical and veterinary
applications, through the research and development of innovative technologies in
advanced image processing oriented to increase image quality, to reduce dose and to

incorporate tomography capabilities.

In that context, this thesis deals with incorporating tomography capabilities in a
system originally design for planar images: the SIREMOBIL C-arm developed by
SIEMENS. This system allows a great variety of movements, and its characteristic
structure makes it possible to be used in intraoperative cases, as the arc can be

situated around the patient lying in the bed.

2.2 Objectives

The work of this thesis is based on the SIREMOBIL C-arm developed by SIEMENS, a
mobile fluoroscopy system. The system consists of an X-ray generator and a detector
mounted in an arc-shaped wheeled base that allows a great variety of movements. The
use of this C-arm for tomography presents several difficulties: (1) the detector is an
image intensifier which is an analog detector with image distortions, (2) the system
may have mechanical strains changing the relative positions of the source and
detector, and (3) the movements of source-detector pair may differ from a circular
path. To obtain good quality images, it is necessary to design a new acquisition
protocol that solves the effects of these non-idealities, including an exhaustive

calibration of the system not needed when it is used for planar imaging.

The general objective of the thesis is to set up the SIREMOBIL C-arm for its use as a
tomography. This general objective can be divided into the following specific

objectives:

1. To evaluate and solve the non-idealities due to an incorrect angular position
2. To develop a geometrical calibration method

3. To design an acquisition and reconstruction protocol
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4. To evaluate system on real data

2.3 Outline of the manuscript

The manuscript consists on the following chapters:

e Chapter 1: Introduction. We describe the physical basis of the X-rays:
generation, interaction with matter and detection. Then, differences between
planar X-ray and CT are described together with the concepts of projection and
the reconstruction.

e Chapter 2: Motivation and objectives. This chapter introduces the line of
research in which this thesis is included and the specific objectives.

e Chapter 3: System under study. In this chapter we present the description of
the C-arm used for this work and the solutions implemented to be able to use
the system as a tomograph: the integration of a flat panel detector and the
development of an accurate angular positioning system.

e Chapter 4: Geometrical calibration. This chapter presents the geometrical
calibration method developed based on the adaptation of a calibration
algorithm previously available in the laboratory. Finally the complete proposed
acquisition protocol is described.

e Chapter 5: Reconstruction. We describe the reconstruction procedure
evaluated using a calibration phantom.

e Chapter 6: Evaluation on small animal.

e Chapter 7: Discussion and conclusion.

e Chapter 7: Limitations and future work.
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3.SYSTEM UNDER STUDY

3.1 C-arm SIREMOBIL Compact L of Siemens

The C-arm Model SIREMOBIL Compact L of Siemens is a mobile fluoroscopic system
that consists of two units: the X-ray source based on a monofocal tube with a 1,4 kW
generator and a 23 cm diameter circular image intensifier with an anti-diffusion grid
mounted in an arc-shaped wheeled base, and the workstation unit used to visualize,
store, and manipulate the images. This C-arm, shown in Figure 3.1, can perform
different functions as fluoroscopy, pushed fluoroscopy and planar radiography, which
are necessary for a wide variety of clinical procedures such as intraoperative
visualization of bile ducts, metallic element implant, bone visualization, fluoroscopy

techniques for pain treatments and insertion of catheters [7].

¢———
ﬂ Real 2 l
detector I 230 mm

P

Figure 3. 1 (Left) SIEMENS C-arm. (Right) Geometry parameters of the cone-beam system.

As the C-arm system has the objective of adjusting its position to the requirements of
the procedure and patient, it has handles that facilitate wide variety of movements.
The whole C-arm can be horizontally freely moved when brakes are released for

displacement from one place to another (Figure 3.2).

%i S, ]
Figure 3. 2 Brakes for the different movement possibilities of the C-arm.
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With the purpose of approaching to the bed regarding to its height and depth, C-arm

allows 45 cm elevation from its lowest point and 20 cm horizontal displacement
(Figure 3.3).

45cm 3

Figure 3. 3 (Left) lllustration of elevation and (Right) horizontal displacements of the C-arm.

The C-arm can rotate around two different axes in order to obtain X-ray images of the

region of interest from different angular positions. We will refer to the two rotations

that the system is able to perform as vertical tilt and horizontal tilt.

e Horizontal tilt is a rotation around the horizontal supporting arm and spans

3609 (Figure 3.4).

)

R
/ ‘f
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\
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\
|

! 1900

L/

Figure 3. 4 Horizontal tilt.

Vertical tilt consists on a rotation on the C-arm plane and spans a range from
+902 to -402 starting from the neutral position (Figure 3.5). This position is

reached when both the X-ray generator and the detector are aligned in the

vertical plane.

I_“/./R‘

Figure 3. 5 Vertical tilt.
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The C-arm can be rotated around the bed using one of the two turning options
permitted in order to use it as a tomograph. The arc shape of the C-arm makes the
vertical tilt less susceptible of suffering deformations being more stable than the
horizontal tilt. Nevertheless, there is a rotation limit of 1302 for this movement, which
does not allow for obtaining a complete set of projections around 360 degrees, while

horizontal tilt allows full rotation.

For tomography, we need to place the sample in the central point between the source
and the detector, so the system can acquire projections around it. The Field of view
(FOV) is defined as the image area that contains the object of interest to be measured.
Due to the cone-beam geometry of the C-arm that implies a magnification of the

sample, the FOV is reduced to a diameter of 11.5 cm as shown in Figure 3.6.

Detector @523 em
FOV @11.5 cm
2/
’
/
/
Source ¢

Figure 3. 6 lllustration of the dimension of the detector and the FOV of our system.

3.2 Angular positioning system

The SIREMOBIL, which is not aimed for tomography, is completely manual and only has
a very rudimentary angular positioning: a scale drawn in the arm with a resolution of 5

degrees (Figure 3.7).
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Figure 3. 7 Angular positioning system.

3.2.1 Effects of errors in the angular positioning

With the aim of studying the effects of errors in the angular positioning of the system
on the reconstructed image, we have used a simulation tool that emulates the
functioning of an X-ray system: it produces a set of projections of synthetic phantoms
based on the parameters that describe the real system (shown in the right panel of
Figure 3.1). This tool is implemented in CUDA language and accelerated thanks to

parallel processing in Graphic Processing Units (GPUs).

We have used a synthetic phantom with similar physical characteristics to human
bones and water that fits in the FOV of the C-arm under study (114.4 mm diameter). It
consists of a methacrylate cylinder of 200x100 pixels, 0.8 mm pixel size with two

ellipsoidal balls inside of 40 pixels diameter (Figure 3.8).

Figure 3. 8 Simulated phantom.

The number of angular positions obtained was 360, separated 1+n degrees, where n is
a variable random error. Reconstruction was done assuming that the angular
projections were obtained with 1 degree angular step in order to see the effect of an

error in the angular position has on the final reconstruction.
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Figure 3.9 shows the effect for errors in the range of + 12 and +32.

Figure 3. 9 (Left) View of the reconstructed image with no errors, (top middle) with an error in the
range of + 12, (bottom middle) with an error in the range of + 3, (top right) subtraction of true image
and image with error in the range of + 12 and (bottom right) subtraction of true image and image
with error in the range of + 32.

Errors in the angular position lower than 1 degree result on artifacts in the

reconstructed images and those artifacts increase with the error.

Considering that the space between mark and mark on the scale drawn in the arc is 59,

these results indicate the need of a positioning system.

3.2.2 Positioning system
3.2.2.1 Inclinometer

We have selected the ADIS16209, a digital inclinometer with an accuracy of 0.0259.
The standard supply voltage (3.3 V) and serial peripheral interface (SPI,
a synchronous serial communication interface specification used for short distance

communication) enable simple integration into most industrial system designs.

The ADIS16209 tilt sensing system uses gravity as its only stimulus, and a MEMS

accelerometer as its sensing element.

It also incorporates the signal processing circuit that converts acceleration into an
angle of inclination, and it corrects for several known sources of error that would

otherwise decrease the accuracy level.
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3.2.2.2 LaunchPad

To send the analog data obtained by the sensor to the computer, the model
TMA4C123G of LaunchPad is used. It is a single board microcontroller manufactured by
Texas Instruments (Figure 3.10). In order to facilitate the development of the different

applications using these LaunchPads, Energy, an open-source development

environment, was used.

Figure 3. 10 Model TM4C123G of LaunchPad.

3.2.2.3 Evaluation board

To allow for the proper communication between the inclinometer and the LaunchPad
we have used the ADIS1620x/PCB evaluation board that provides convenient access to

the inclinometer using a standard 2 mm, 2x6, connector interface [8] (Figure 3.11).

Figure 3. 11 Inclinometer (black component) in the evaluation board.
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3.2.24 PCB

A printed circuit board (PCB) mechanically supports and electrically connects electronic
components using conductive tracks and pads from copper sheets laminated onto a

non-conductive substrate.

Before the advent of the PCB circuits, the point-to-point wiring was used. In the last
case, the wire routing needs to be neat and routed in such a way as to minimize
interference, and the hand-soldering itself needs to be properly done. This led also to
frequent failures at wire junctions and short circuits. On the other hand, using a PCB
enables consistent parts placement relative to other parts, and a pre-routed wiring

configuration on the PCB that reduces the potential for wiring errors.

In order to design the PCB needed to connect the evaluation board and the
Launchpad, Eagle (Easily Applicable Graphical Layout Editor) was used. It consists of a
schematics editor for designing circuit diagrams, a PCB editor that allows back
annotation to the schematic and an auto-router module that connects traces based on
the connections defined in the schematic. The software comes with an extensive
library of components, but a library editor is also available to design new parts or
modify existing ones. Figure 3.12 shows the schematic of the circuit been designed and
Figure 3.13 shows its board layout. It was ordered to be manufactured to the company

WEdirekt.
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Figure 3. 12 Schematic of the circuit.
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Figure 3. 13 Circuit board layout.

3.2.3 Communication between computer and
inclinometer

As explained above, we use the LaunchPad as an intermediary between the

inclinometer and computer. Table 3.1 shows the data configuration for each output

data register in the inclinometer.

Register Bits | Scale’
SUPPLY_OUT [ 14 | 0.30518mV
XACCLOUT |14 | 0.24414mg
YACCL_OUT 14 0.24414mg
AUX_ADC 12 0.6105 mV
TEMP_OUT 12 | -047°C
XINCL_OUT* | 14 0.025°
YINCL_OUT? | 14 0.025°
ROT_OUT? 14 0.025°

' Scale denotes quantity per LSB.
?Range is -90° to +90°.
*Range is =179.975° to +180°.

Table 3. 1 Output Data Register Formats. Source:[22].

Each output data register has the following bit sequence: new data (ND) flag,

error/alarm (EA) flag, followed by 14 data bits. The ND flag indicates that unread data

resides in the output data registers. This flag clears and returns to O during an output

register read sequence. It returns to 1 after the next internal sample update cycle

completes. The EA flag indicates an error condition.

Since we are only interested in data regarding vertical tilt (YINC_OUT register) and

horizontal tilt (XINCL_OUT register), we have developed a software using Energia IDE
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to record only these data. After reading the content of one of these registers, we mask
off the upper two bits (ND and EA), and convert the remaining 14-bit into a decimal
equivalent and multiply by 0.025 to convert the measurement into units of angle

(degrees).

3.2.4 User interaction and data storage

Data obtained cannot be stored in a file for a future use using this board, since it does
not offer the possibility of creating a file. Instead, we have implemented a user
interface using Processing, which is an open source programming language and

integrated development environment based on Java.

The values provided by the inclinometer are in the range of £902 for the horizontal tilt
and +180¢9 for the vertical tilt. In the case of the vertical tilt the arc will never exceed
the inclinometer’s limitation of +1802. However, for the horizontal tilt the displayed
value is not correct for angles with absolute value greater than 90 degrees and this

error depends on the quadrant the actual angle belongs to, as explained in Table 3.2.

Real angle | Angle provided|

0°<a<90° 65° 65°
a=90° 90° 90°
90°<a<180° 110° 70°
a=180° 180° 0°

180°<a<270° 200° -20°

a=270° 270° -90°

270°<a<360° 300° -60°
a=360° | 360° 0°

Table 3. 2 Examples of desired angles for the horizontal tilt and values obtained with the inclinometer.

The user interface module, apart from saving the data in a text file, transforms the
angle range allowing us to visualize the actual position in consecutive angles from 0 to
360 degrees. The program also calculates the direction of rotation without user
interaction depending on the initial positions in which the C-arm is moved. From the
point of view of a user that changes the position of the C-arm, the movement of the

horizontal tilt towards the left means positive values, whereas moving it toward the
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right means negative positions. When the program is initiated, the interface shown in

Figure 3.14 is displayed and an empty angular position file is created.

.
@ Codigo2Processing

= &‘

HORIZONTALTILT:

VERTICAL ROTATION:

Figure 3. 14 Interface that appears when the program created in Processing is initiated.

A new line is added to the file every time the “Capture” bottom shown in Figure 3.14 is

pressed. To avoid inaccuracies due to the vibration of the C-arm, the software

performs an average of the last ten values read in the inclinometer when the system

reaches the desired position. Figure 3.15 shows an example of the resulting angular

position file.

File Edit Format View Help

241
383
939
527
698
959
803
263
612
242
B65
621

N

Posicion_arcoC

L L L LA LA L LA LA L L L

478

. 546
612

677
771
832
906
962
953
980
010

. 950

(3 %=1

Inclinacion Horizontal / Roatacion vertical
18. 7
21.
24.
27.
30.
36.
39,
42,
45,
48.
51.
54,
co

Figure 3. 15 Angular position file.

3.2.5 Preliminary evaluation of the positioning system

When we move the arc changing the horizontal tilt, positive values will be recorded if

this movement is carried out in the clockwise direction and negative values when this

movement is carried out in the opposite direction from the point of view of the

technician that uses the C-arm.
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We have tested the developed positioning system in a real operating room to assure
that it does not interfere with the C-arm movements and the normal workflow in a

surgical scenario. Figure 3.16 shows the position of the inclinometer in the C-arm.

Figure 3. 16 Position of the inclinometer at top of the detector (blue arrow).

We also checked if values displayed on the computer screen matched the marks in C-
arm. First, maintaining the vertical tilt, horizontal tilt was changed in both directions.
We subsequently carried out the same experiment but maintaining the horizontal tilt
and moving the vertical tilt. Table 3.3 shows how values obtained by the inclinometer
follow the same trend that those obtained by reading the marks on the arc. Errors due

to manual positioning can be solved by the inclinometer due to higher accuracy (0.025

vs. 5 degrees).

ANTICLOCKWISE HORIZONTAL TILT
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Table 3. 3 Comparison of the angles shown by the arc and the inclinometer at the same position.
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3.3 Detection

The detector of the system is an X-ray image intensifier (XRIl). One of the
disadvantages of an image intensifier is the certain grade of line distortion and
vignetting of the images that it produces, shown in Figure 3.17. This may be caused by
the magnetic contamination of the image tube or by the installation of the image
intensifier within a large magnetic field, which may affect the trajectory of electrons

travelling inside the tube from the input phosphor screen to the output phosphor [9].

Figure 3. 17 Distortions produced by the image intensifier.

Another drawback of using this image intensifier is that it producs analog images that
are displayed on the screen and we need digital images to carry out the reconstruction

process.

3.3.1 Flat panel

In order to overcome the drawbacks explained previously, a digital flat-panel detector

was integrated in the system.

For this work, we have selected a wireless, light weight, cassette flat panel detector
for digital radiography, XRpad 4336 detector (PerkinElmer), with a pixel size of 100 um
that provides a good image quality. The XRpad is also capable of wired communication
utilizing gigabit Ethernet that was used for initial configuration [10]. To acquire an X-
ray image, the detector and X-ray generator must be synchronized. Using the

automatic mode, the panel captures an image when it detects an X-ray flux.
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Figure 3. 18 (Left) Wireless Router with Ethernet cable plugged into LAN port. (Right) XRpad 4336
flat panel detector.

The XRpad is operated through the X-ray Imaging Software (XIS), a user interface
(Figure 3.19) that automatically detects the size of the sensor and receives images of
the detector in a 16 bit digitized data format (65535 possible values). The images are

presented on the screen with 256 grey levels.

Figure 3. 19 User interface of the X-ray imaging software.

The dimensions of this detector (35x43 cm), much bigger than those of the image
intensifier integrated in the C-arm (a circle of 23 cm of diameter), would enable a
bigger field of view. However, the C-arm has a built-in collimator to restrict the X-ray
beam to the dimensions of the original detector reducing the useful area of the flat

panel to the hexagon shown in Figure 3.20.
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Figure 3. 20 (Left) Useful area of the flat panel detector. (Right) lllustration of a collimator function.

As explained in section 3.1, de FOV is reduced to a diameter of 11.5 cm. This small
scanning area poses a problem with regard to the type of rotation movement that we

can do with the C-arm since it is not isocentric in both movements.

Figure 3. 21 (Left) Isocentric vertical tilt movement. (Right) Not isocentric vertical tilt movement.

The vertical tilt movement is not-isocentric and cannot be used, since in some
projection the sample would be out of the small FOV. For this reason, in this work we
will work with the horizontal tilt movement which is isocentric keeping always the

sample projected into the same area of the detector.

3.3.2 Detector holder

In order to fix the flat panel to the C-arm, a metallic holder shown Figure 3.22 was
used. It is composed by two parts: one side is adjusted to the image intensifier of the
C-arm using screws and the other part has industrial velcro to attach it to the flat

panel.
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Figure 3. 22 Flat panel’s holder.(Top left) Part of the holder that is introduced in the C-arm detector.
(Top middle) Screws to adapt the holder to the C-arm detector. (Top right) Part of the holder that is
attached to the flat panel. (Bottom) Flat panel with the flat panel using the holder.

3.3.3 Data pre-processing

We have developed a function in Matlab to perform the pre-processing of the images
obtained from the flat panel, that we called pre proc algorithm. The images
obtained from the detector, with a size of 4320x3556 pixels, are stored in HIS format
and they are the inputs of this function. This format presents a 100 bytes header while

using uint16 datatype for storage.

We can model the data acquired using the Beer-Lambert law that relates the

attenuation of X-rays when they go through a medium
N, = N; x e~ Ju@ax 4 N, (3.1)

where a monoenergetic beam is assumed for simplicity. The term N; is the mean
detector signal in the unattenuated beam, and N, is the raw projection. Ny is the
detector signal in the absence of radiation and is typically measured as the average of

a reasonable number of detector frames acquired without any X-ray exposure.
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The process of 3D reconstruction is essentially a numerical method for solving for the
attenuation map u(x) given a projection data set N,. We can obtain the integrals of
attenuation, correcting at the same time the raw projections to account for the

spatially varying non-uniformities and the detector dark current with:
— No—Ndark
[u(x)dx = —In (—Ni ) (3.2)

We could measure N; as the mean projection image under irradiation without an
object in the field, known a flood-field Njoo4. The flood-field correction attempts to
normalize non-uniform response to the X-ray beam. These data are related to N; by

the following expression:
Nfiooa = Ni % €= 0% 4 Ny (3.3)

By substituting the value of N; of equation (3.3) into equation (3.2), the value of the
integral of linear attenuation is obtained from the intensity of collection according to

the expression:

[u(x)dx = —In (M> (3.4)

Nfiood—Ndark

In Figure 3.23 we can see the intermediate images generated at different stages of the

process of generation of X-ray image in the detector.
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Figure 3. 23 (a) Raw data from detector (No), (b) Flood image (N f;404) ,(c)Dark current image (N g4,1),
(d) Corrected transmission, (e) Attenuation image.

The resulting attenuation image is obtained from equation (3.4) and will be input data
for the reconstruction software. The final step is to convert these images into a format

compatible with Mangoose, the reconstruction software we are using for this work.

Finally, two more image processing steps were added. One of the problems we
encountered was the low contrast resolution and the presence of noise, as can be seen
in Figure 3.24 In order to improve the quality of the obtained image, processing

techniques were applied.
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Figure 3. 24 Image before processing techniques.

On one hand, in order to remove noise a smoothing filter was used. Noise reduction
can be accomplished by smoothing. Among the different filters that can be
implemented, the Gaussian filter was chosen. It has a bell-shaped profile, with a high
value element in the center and symmetrical tapering to either side. It produces a
response somewhat similar to the average mask, which consist of the average of the
pixels contained in the neighborhood of the filter mask, but with even less ringing

because of the gradual tapering of its profile [11][12]. The mask elements are given by

2
h(i j) = AeCY2(E) 1

where A is a scaling factor, d is the distance of a pixel from the center of the mask

(d =+/x? + y?) and o determines the width of the mask (Figure 3.25). The rule of

thumb is to set o = (2w + 1)/2, where w is the size of the feature to be blurred out.

y=A expl(=1/2)(d/o)?] e

Amplitude

95% |

d —

Figure 3. 25 (Left) Gaussian profile (one-dimensional). (Right) wireframe image of a two-dimensional.
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On the other hand, the useful area of the detector is reduced to the octagon shown in
Figure 3.20 due to a collimator that the C-arm contains, which does not allow us to use
the whole surface of the detector. Therefore, to eliminate this non-useful area, each

image is multiplied by a circular mask (Figure 3.26).

Figure 3. 26 Circular mask.

The result of applying the reconstructed technique is show in Figure 3.27.

Figure 3. 27 Image dfter filtering and masking.
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4. GEOMETRICAL CALIBRATION

4.1 Calibration algorithm

An important source of artifacts in a tomography system is mechanical misplacements
(misalignments) from the ideal positions of both source and detector, resulting from
the tolerances in the manufacturing process. Additionally, in the specific case of the
system under study, mechanical flex suffered by the C-arm in different positions
caused by the heavy loads at its ends can make the geometry parameters further differ
from the nominal values [13]. The misalighments that might be present in the system
are, on one hand, those related to the detector including inclinations out of the

detector plane (roll and tilt), rotation (skew) and translation in X and Y of the panel

detector, shown in Figure 4.1.

N
Linear shifts / ‘ Roll

Figure 4. 1 Scheme of the mechanical misalignments in the detector panel.

The objective of the geometrical calibration is to characterize the misalignments of the
system in order to obtain an accurate image reconstruction from the projection data.
To this end we adapted a calibration algorithm previously developed in the laboratory
using Matlab. The parameters are estimated following the Cho's method [14] which

was specifically designed to obtain the calibration parameters individually for each
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projection. The method uses the projection of a calibration phantom [15] with two

circular patterns formed by eight ball bearings symmetrically located in a cylinder.

230 mm

Real
detector 230 mm

Figure 4. 2 (Left) Scheme of the geometry of the system and (Right) design of the calibration phantom.

For each projection the calibration algorithm follows four steps:
1) Once projections of the calibration phantom have been acquired, the program
segments the balls. Figure 4.3 shows an example of a projection before and

after segmentation.

Figure 4. 3 Example of a simulated projection with no misalignment included (right) and result of the
segmentation (left).

2) A numerical optimization function in Matlab is used to find the center of mass of

each ball bearing.

3) The algorithm finds the two ellipses form by the projection of the balls fitting an

ellipse to the previously found coordinates of the center of mass of each ball.
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Figure 4. 4 Examples of simulated projections. Adjusted ellipse is displayed on both images with (left)
and without (right) rotation.

4) Finally, the algorithm finds out the system parameters based on geometrical
relationships between the fitted ellipses, using parameters such as magnitude of major
and minor axis and rotation value to find the relative positions of the detector and the

source [16].

The resulting mechanical calibration parameters are the following: detector rotation
(skew), inclination angles (pitch and roll), piercing point location (projection of the
center of the calibration phantom), SDD (source to detector distance) and source and

detector position.

These parameters are stored in a calibration file, as can be seen in Figure 4.5.

J datos_calibracion.txt - Notepad 'ﬁ

File Edit Format View Help
proj Ds0 DDo uoffset voffset Pivot dTeta

0.000 269. 869 160.109 159.947 -83.385 -0.005 -1.424
6.000 243.434 143,331 162.163 -72.618 0.291 -1.478
12.000 220.233 128.6069 162.988 -65.130 0.6862 -1.565
18.000 200.246 116.116 162.466 -60.658 1.106 -1.676
24,000 183.459 105.662 160.653 -59.516 1.628 -1.838
30.000 169.860 97.302 157.609 -62.483 2.211 -1.946
36.000 159.443 91.034 153.292 -63.819 2.817 -1.893
42.000 152.205 86.857 147.608 -64.440 3.441 -1.773
48.000 148.145 B84.770 140.640 -61.747 4.101 -1.805
54.000 147.260 84.773 131.204 -54.634 4.814 -1.937
60.000 149.535 B6.855 119.464 -43.060 5.590 -2.104
66.000 154.930 90.994 107.839 -29.652 6.384 -2.357
72.000 163.353 97.135 9O7.873 -16.635 7.102 -2.519
78.000 174.605 105.167 89.507 -7.501L 7.748 -2.612
84.000 188.294 114.872 8l.246 -1.103 &8

90.000 203.952 126.040 70.038 g

96.000 208.651 128.650 57.338 ]

102.000 203.810 125.583 42.070 9

108.000 209.260 129.801 24.657
114.000 218.028 136.231 7.035
120.000 228.463 143.886 -8.657
126.000 240.481 152.792 -22.573
132.000 252.638 161.844 -32.053
138.000 259.749 167.098 -33.456
144,000 257.692 165.726 -29.647
150.000 249,520 160.120 -27.637
156.000 239.836 153.477 -29.263
162.000 230.622 147.146 -38.182
168.000 222.563 141.651 -48.486

.343 -2.641
-925 -2.586
-485 -2.432
-996 -1.756
. 220 10.441 -2.628
. 615 10.814 -2.419
.182 11.116 -2.142
. . 702

389 11.542 -2.632
.745 11.696 -2.276

508 11.819 -3.372
775 11.888 -2.432
-156 11.860 -1.679
.296 11.743 -1.009
. 868 11.574 -0.419

L U1 001010 0 0 S S
w
u
=
=
H
w
L
&
|
r

Figure 4. 5 Calibration file.
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4.2 Calibration phantom

The phantom used to calibrate the C-arm consists of two rings formed by ball bearings
mounted on a cylinder in order to be symmetric between them. This phantom has
been sized to cover most of the detector field of view (11.5 cm of diameter) provided

by the imaging system.

The diameter of each ball bearing was chosen to be large enough to include a large
number of pixels, but small enough to minimize overlapping with neighboring balls in
projections. The phantom used is a methacrylate tube of 4 mm thick with 16 cavities
drilled on each end of the tube. Eight balls are spaced evenly at 452 in two plane-
parallel circles separated by 35 mm along the cylindrical tube. The diameter of each
ball bearing is 4.7 mm, the diameter of each circular pattern is 46.1 mm. The positions
of the balls in both circles are symmetric with respect to the central section plane. The

phantom is shown in Figure 4.6.

Figure 4. 6 Photograph of the phantom used.

4.3 Preliminary experiments to adapt the
calibration algorithm

With the aim of studying what changes we should do in the calibration algorithm
explained above, we took projections at different angular positions around the
calibration phantom with the C-arm following the horizontal tilt movement. The
angular position was monitored by attaching the angular positioning system to the top
of the case of the image intensifier and capturing the exact position for each

projection.
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The calibration phantom has to be correctly placed in the center of the FOV. The first
problem we found was the lack of a bed in the C-arm to support the phantom. The
length of the phantom was not enough to be in the center of the FOV and also to be
supported by a table in a way that it will not interfere with the movement of the C-
arm. To be able to place the phantom in the right place, a plastic tube was attached to

one end of the phantom. The final position can be seen in Figure 4.7.

Figure 4. 7 Placement of the phantom in the center of the detector by a plastic tube.

It is important to note that the exact position of the phantom is a key factor in order to
get a proper calibration file. To assure this, we obtained projections at 0 and 90
degrees to check that is centered for the whole rotation of the system. Figure 4.8
shows an example of an incorrect placement that will not result in correct calibration

parameters.
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Figure 4. 8 (Left) Projection at 0 degrees. (Right) Projection at 90 degrees.

Figure 4.9 shows a correct positioning of the phantom, where the distance to the

center is much smaller than the previous one shown in Figure 4.8.

Figure 4. 9 (Left) Projection at 0 degrees. (Right) Projection at 90 degrees.

As explained in section 4.1, the first step is the segmentation of the balls using a
threshold introduced by the user that isolates them from the background. Obtaining
the proper coordinates of each ball bearing projection allows us to use them in the
calibration method, directly or by identifying the ellipse formed by the whole set of

ball projections, shown in Figure 4.10.
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Figure 4. 10 (Left) Input projection. (Right) Segmented ball. Each color corresponds with an ellipse.

However, many of the projections obtained had an artifacts, hindering the detection of
the balls, as can be seen in Figure 4.11. This imposed a manual segmentation of these

images indicating the position of each ball.

Figure 4. 11 (Left) Input projection. (Right) Error in balls segmentation.

Nevertheless, some of the projections still had to be discarded because it was not

possible to detect the exact position of the balls as is shown in Figure 4.12.
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Figure 4. 12 (Left) Input projection. (Right) Error in balls segmentation.

To solve all these problems, we optimized the acquisition parameters (voltage and the
intensity of the X-ray source) to find the values that lead to a highest contrast in the
projection in order to facilitate the segmentation of the balls. Figure 4.13 show some
of the results obtained (zoom-in of the original images). The best results were

obtained with a voltage of 92 keV and an intensity value of 3.6 mAs.

Figure 4. 13 Projection image of the calibration phantom obtained with a voltage of 110 keV and an
intensity of 3mAs (left), a voltage of 92 keV and an intensity value of 3,6 mAs (middle) and with a
voltage of 79 keV and an intensity value (right) of 4.2 mAs.

However, despite using these selected acquisition parameters for all projections,
different intensity values were obtained depending on the projection as shown in
Figure 4.14 (zoom-in of the original images), probably due to variations of the X-ray

source flux.
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Figure 4. 14 Example of projection with different intensities values.

With the available calibration algorithm a threshold must be introduced by the user at
the beginning. Nevertheless, since each image has a different intensity threshold, it
had to be changed for each projection which resulted on an increase of user

interaction and much longer processing times.

To avoid this problem, we modified the algorithm including a bottom-hat
transformation, which is a morphological operation that extracts small elements.
These details must be smaller than a structuring element and darker than the
surrounding. Therefore, choosing a circular structuring element with a radio of size 4

pixels, the resulting image will show only the balls as can be seen in Figure 4.15

Figure 4. 15 Resulting image after applying bottom-hat transformation.

This result does not depend on the intensity value of the input image and with a

unique threshold every balls of each image can be segmented (Figure 4.16).
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Figure 4. 16 Segmentation of the balls with the same threshold although each image has a
different intensity value.

4.4 Calibration process

In order to calibrate the system, we have to follow six different steps shown in the
workflow:

1. Flat panel and calibration phantom placement

The flat panel must be fixed by using the holder and the phantom
must be placed in the center of the detector

!

2. Setting up the positioning system

The inclinometer is attached to the top of the C-arm. It is connected
via USB cable to a laptop which is connected via Wi-Fi with the
detector.

v

3. Acquisition of the flood and dark images

v

4. Acquisition of the phantom following the
horizontal tilt movement

Rotation using horizontal tilt with a span of 360 degrees. Each time
we place the C-arm in the desired position:
1. Capture of the angular position
2. Acquisition of the image

v

5. Pre-processing of raw images

(Explained in section 3.3.3)

v

6. Obtaining the calibration file

(Explained in section 4.1)

Figure 4. 17 Workflow of the calibration process.
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4.5 Results

Figure 4.18 and Figure 4.19 show the values obtained from experiment 2.
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Figure 4. 18 Calibration parameters. Blue line: Raw data. Red line: Smoothed data.
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Figure 4. 19 Calibration parameters. Blue line: Raw data. Red line: Smoothed data.

The blue line corresponds to the raw data, which presents several abrupt changes at
given angular positions. As the phantom was acquired in a progressive way, the
expected data must not contain abrupt changes. One of the causes of these errors is

that in some projections several balls may overlap, leading to the wrong calculation of
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the ellipses calibration parameters. For this reason, the measurements that do not

follow the trend of the rest of the values should be discarded. In order to solve this, we

obtained the final set of parameters by smoothing the raw data, resulting in the red

curve shown in the plots. Figure 4.20 shows examples of ellipses wrongly calculated,

where the blue and red stars set the vertices of each ellipse.
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Figure 4. 20 Example of errors in the calculation of the ellipses. Starts show the limits of the axes of
the ellipse.

4.6 Repeatability

After obtaining the calibration file, it should be possible to reconstruct other samples if

they are acquired in the same angular positions, given that the calibration parameters

are constant and invariable in time. We have evaluated the stability of these

parameters repeating three times the calibration process. A first calibration was done

with 60 acquisitions starting from 0 degrees and with a step angle of 6 degrees. A

second calibration was done maintaining the same step angle but starting from 3

degrees. Finally, both acquisitions were combined to get a step angle of 3 degrees.

Figures 4.21 and 4.22 show the calibration parameters obtained for the three

experiments.
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Figure 4. 21 Calibration parameters for different experiments but maintaining the detector in the same

position.
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Figure 4. 22 Calibration parameters for different experiments but maintaining the detector in the same
position.
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As it can be seen in these graphs, the calibration parameters change each time the
experiment is repeated. The main origin of this problem is the mechanical strain of the
arm mainly due to the heavy holder manufactured for the flat panel detector as can be
seen in Figure 4.23. Left panel shows how marks we placed on both sides to investigate
this were aligned at the beginning of the experiments. After several projections those
marks have a misalignment showing that the vertical position was not the same (Figure

4.23, right).

Figure 4. 23 (Left) Marks at the beginning of the experiments. (Right) Marks after some projections.
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5. RECONSTRUCTION

The data reconstruction is carried out using Mangoose, a reconstruction software
based on the FDK method implemented in CUDA language and accelerated thanks to
parallel processing in Graphic Processing Units (GPUs). Each projection image must be
stored as raw data (data type: float) in a separate file with the name “On.ct” where n is
the projection position in a folder called subvolume0O together with the calibration

file. The description of the rest of the input parameters is shown in Figure 5.1.

-v: voltage of the source (KVp)(float)
-n: number of files (int)

-p: number of projections per file (int)
-b: number of bed positions (int)

-g: binning in the projection (int)

-d: number of pixels that has each projection {proj_dim_s proj_dim_z) (int)
-a: total number of projections (angular positions) (int)

-j: binning in the reconstruction {bin_reco_x bin_reco_y bin_reco_z}int)
-r: dimensions of the ROI (Region of Interest) in each axis

-iz initial angle (int)

-t: direction of rotation: “-1” or “0” Counter-Clockwise; “1” Clockwise

-k: output data type: “0” unsigned short int; “1” float

-I: to do the logarithm: “1” yes

-#: input data type: “0” unsigned short int; “1” float; “2” signed short int

-uu: name of the calibration file (string)

Figure 5. 1 Description of the input parameters.

The program can be run in Windows from a MS-DOS shell as shown in the following

example:

F-~agarcia~MangooszseSuperfirgus vl .@_hinario~Release_GCPUXFDKE_recon -h .~ —f Z:saga

prciavimageCT~ —n 72 —p 1 g 1 —d 4328 3556 -a 72 -j 111 -1i8 +t1 -#1 —un dat
ps_calibracion —v 456888 -k 1 -b 1 -1 1 —» 5868 %68 58

Figure 5. 2 Example of Mangoose call.
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To have all the data in the right format for Mangoose, we need to perform two steps.
First we need to combine the file obtained by the calibration algorithm and the angular
position file that we have created using the user interface from the values provided by
the inclinometer, with a new program «created in Matlab called
generate cal file.An example of this final calibration file can be seen in Figure
5.3.

" datos_callraciont - Notepad |

File Edit Format View Help
Proj  DSO Do uoffset voffset pivot  dTeta

0.005 276.552 163.1%6 234.716 -74.869 0.151 -1.504
3.256  238.575 152,096 219,780 -65.710 0.329 -1.461
6,176  242.238 142,041 205.388 -58.116 0.518 -1.434
9.134  227.502 132,967 191,807 -51.999 0.718 -1.422
12,165 214.349 124,865 179.219 -47.304 0.930 -1.425
15.157 202.795 117.745 167.634 -44.051 1.153 -1.441
18.241 192.875 111.628 156,689 -42,330 1.387 -1.470
21.383 1B4.662 106,556 145,610 -42.434 1.632 -1.512
24,934 177.839 102,329 134,485 -43,750 1.897  -1.380
7.566 171.892 98,650 130.806 -45.015 2,173  -1.668
30.234 166.989 95.634 130,515 -46.3%6 2.463 -1.739
33.543 162.975 93.196 130.979 -47.975 2.755 -1.810
36,123 159.593 91.156 129,247 -48,866 3.060 -1.816
39.345 136.712 89.451 126,987 -48,908 3.368 -1.795
42,543 154,446 88.142 124,065 -47.205 3.685 -1.783

iF AR AFA ATT AT AR ARA SAR 44 ACm A1m 1 Ann

Figure 5. 3 Example of final calibration file.

Second, we need to process the raw data in a .his format captured by the flat panel

using the software tool pre_proc algorithm explained in Section 3.3.3.

The reconstruction software generates several files that are stored in the folder where

the executable file, Mangoose, is located.

log_file_z1: It contains the software call and the details of the different stages
of the reconstruction.

Progress-ct_z1.list: it contains a number (1-100) that shows the percentage
indicating how much the reconstruction process is completed (100 means that
the reconstruction has been finished). If there is an error, the value will be -1
and a file called error_ct_z1 is generated.

Error_ct_z1: it contains an error message.

Together with these files, the reconstructed volume is stored as raw data (data type:

float) in a file with the name “reconstruction_ct0_dimx_dimy_dimz.img” where dimx,
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dimy, and dimz are integers indicating the number of pixels for dimensions x, y, and z

respectively.

The results obtained with 60 projections, a span angle of 360 degrees and a step angle
of 6 degrees starting in O degrees are show in Figure 5.4. Left panel shows the
reconstructed image without using the calibration file whereas right panel shows the

reconstructed one when the calibration file is applied.

Figure 5. 4 Axial view of the reconstructed image without calibration (left) and with calibration (right).

As explained in Section 4.6, we performed a second acquisition of the same phantom
tatking projections with an step angle of 6 starting at 3 degrees. We tried to obtain a
reconstructed image putting together both calibrations files in only one calibration file
in order to get a step angle of 3 degrees. Figure 5.5 shows an axial view of the
reconstructed image, where we can clearly see how the phantom has been
reconstructed in two different positions. This is due to poor C-arm stability explained
in Section 4.6 that induces changes in the calibration paramters between consecutive

studies.
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Figure 5. 5 Reconstructed phantom when two calibration file have been put together.

To solve this problem we have reconstructed both files separately and then we have
registered both images. Image registration is the process of aligning two or more
images of the same scene taken at different times, from different viewpoints, and/or
by different sensors so that the corresponding features can easily be related. Figure

5.6 shows the result obtained, where the previous problem has been solved.

Figure 5. 6 Reconstructed phantom after registration.
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6. EVALUATION ON SMALL ANIMAL

Once we have the calibration file obtained by using the calibration phantom, we can
obtain the tomography of a different sample as long as the X-ray projection images are

acquired at the same angular positions than those stored in the calibration file.

To evaluate the proposed acquisition-reconstruction protocol, a rat was acquired with
a step angle of 6 degrees starting from angular position 0 degrees and with a span
angle of 360 degrees. In order to place the animal in the center of the detector, a bed

from a SPECT scanner was attached to a table as shown in Figure 6.1.

Figure 6. 1 Placement of the small animal.

The acquisition parameters were the same as those from the calibration study: voltage
of 92 keV and intensity of 3,6 mAs. Therefore, acquiring at the same position than the
position stored in the calibration file, 60 projections was obtained. Two of these

projections are shown in Figure 6.2.
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Figure 6. 2 Example of the projection obtained. (Left) Projection at 0 degrees. (Right) Projection at 90
degrees.

These raw images were processed using the developed software tool
pre proc algorithm explained in Section 3.3.3 carry out the flood-dark
correction and obtain the attenuation image in the right format for reconstruction.
These pre-processed images together with the calibration file were given as input
parameters to Mangoose to obtain the reconstructed image. The result was a volume
with a matrix size of 1000x1000x1000 and voxel size of 0.1 mm. Figure 6.3 shows an
axial view of the abdomen, with and without calibration. As can be seen in these
results, misalignment artifacts severely affect the quality of the image making the

calibration very important step.

Figure 6. 3 Axial view of the abdomen (Left) Reconstructed image without calibration. (Right)
Reconstructed image with calibration.

71



q Hospital General Universitario
Gregorio Maranén

R Universidad

B8 comunidad de Madrid

7. DISCUSSION AND CONCLUSION

This thesis has focused on incorporating tomography capabilities in a system originally
designed for planar images: the SIREMOBIL C-arm developed by SIEMENS. As a result
we have designed a new acquisition protocol that solves the effects of the non-
idealities that hinder its use as a tomograph, including an exhaustive calibration of the

system, not needed when it is used for planar imaging.

First of all, we have shown using simulations that even small errors in the projection
angle estimation lead to artifacts in the reconstructed image, indicating the need of a
positioning system to obtain higher accuracy than the one provided by the simple
calibration included in the system. We have developed a positioning system based on
the ADIS16209 digital inclinometer connected to the computer by a single board
microcontroller (LaunchPad board). The system is controlled through a user interface
developed using the software package Processing and gives as a result a text file with
the exact angular positions. After the proof of concept, the connections between both
component (board and inclinometer) were done with a PCB (design using Eagle and

manufactured by WEdirekt).

Secondly, the detector included in the C-arm is based on an image intensifier which is
an analog detector that presents distortions. These distortions, that are not critical in
planar images, may produce severe artifacts in the reconstructed image. To solve this
problem, and also, to obtain digital images required to perform the reconstruction, we
have integrated a flat panel detector in the C-arm: the XRpad 4336 detector. The
dimensions of this detector (35x43 cm) are much bigger than those of the image
intensifier integrated in the C-arm (a circle of 23 cm of diameter), which would enable
a bigger field of view. However, the system has a built-in collimator to restrict the X-
ray beam to the dimensions of the original detector reducing also the useful area of
the flat panel. This poses a problem with regard to the type of rotation movement that
we can do with the C-arm. The horizontal tilt movement is isocentric keeping always
the sample projected into the same area of the detector; however, the vertical tilt

movement is not-isocentric and cannot be used, since in several projections the
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sample would be out of the small field of view. Eliminating the collimator would allow

to increase the field of view from 10 to 22 cm enabling the vertical tilt.

Furthermore, the C-arm has a certain flexibility presenting different mechanical strains
depending on its position due to the weight of the source and detector. To obtain an
accurate image reconstruction from the projection data we need to carry out a
geometrical calibration to characterize the position of the source and detector each
time the arc is moved. A calibration has been developed adapting a calibration
algorithm based on the work by Cho et al. available in the laboratory. The calibration
phantom consists of two rings formed by ball bearings mounted on a cylinder in order
to be symmetric between them. The diameter of each ball bearing was chosen to be
large enough to include a large number of pixels, but small enough to minimize
overlapping with neighboring balls in projections. A study of different acquisition
parameters (voltage and the intensity of the X-ray source) was done to find the values
that lead to a highest contrast in the projection in order to facilitate the segmentation
of the balls, which is based on thresholding. However, since some of the acquired
projections had different intensity values (probably due to variations of the source),
the threshold had to be changed for each projection which would result on longer
processing times. To avoid this problem, we modified the algorithm including a
bottom-hat transformation, a morphological operation that extracts small elements

independently of the intensity values of the input image.

Reconstruction was done using Mangoose, a reconstruction software available in the
laboratory. To this end a post-processing software was developed that combines the
calibration parameters with the angular position file and converts the images acquired

with the flat panel to the format compatible with Mangoose.

After obtaining the calibration file, it should be possible to reconstruct other samples if
they are acquired at the same angular positions, given that the calibration parameters
are constant and invariable in time. We have evaluated the stability of these
parameters repeating the calibration maintaining the same positions. Nevertheless,
the results show that these calibration parameters are different, which is a problem

when we want to reconstruct something different from the calibration phantom. The
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main reason of this no repeatability of geometrical parameters is a mechanical strain
of the C-arm on the other rotation direction due to the weight of the holder for the flat

panel.

Finally we have evaluated the proposed protocol on real data, both on a phantom and

on a rodent study. The results show the feasibility of the proposal.

Part of this project has been presented as oral communication in the Congreso Anual
de la Sociedad Espafiola de Ingenieria Biomédica (CASEIB). As result, a scientific
publication has been obtained (de Garcia-Santos et al 2014). Finally, it should be noted
that the work of this thesis has a clear application in industry, since it is part of a proof
of concept of the new generation of C-arm systems which will be market worldwide by

the company SEDECAL.
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8. LIMITATIONS AND FUTURE WORK

One of the main problems we have found is that the calibration values vary from one
experiment to another. It supposes a limitation if we want to obtain a good quality
reconstructed image of a sample different from the calibration phantom. As it is
explained in section 4.6, the main reason of this no repeatability of geometrical
parameters is a mechanical strain of the C-arm on the other rotation direction due to
the weight of the holder for the flat panel. Future work will be the repetition of these

experiments with a C-arm with an integrated digital detector.

Other important limitation is the inability to use the vertical tilt movement since it is
not isocentric, which is a problem in our case due to the small FOV we have. Given that
with the horizontal tilt only the head and the limbs of the patient can be acquired, the
evaluation of the vertical tilt movement would be an important breakthrough as it

would be able to acquire any part of the body as shown in Figure 8.1.

Figure 8. 1 Acquisition of the abdomen of a patient changing the vertical tilt movement |

reconstruction for acquisitions with low number of projections. Future work will
include the use of a more advanced reconstruction algorithm, which will increase the
guality of the reconstructed images not only from few numbers of projections but also

with a smaller span angle.
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9. PROJECT MANAGEMENT

In this chapter the global cost of the realization of this project are presented.

Personnel cost and material cost are treated separately.

9.1 Planning

The project has been developed following a model structured in six phases that have
associated tasks described below. Time assigned to each one of the tasks is estimated

in weeks. Each working week corresponds to 20 hours.

1. Requirement determination phase
This phase includes the definition of the objectives of the project and the

determination of the tasks involved to achieve them.

Estimated time: 1 week

2. Angular positioning system phase
Study of the effect of errors in the angular positioning.
Study of a solution.
Installation of the tools proposed to solve the problem of a poor angular
accuracy.
Initial contact with the programming languages that are needed to program the
microprocessor and to create the user interface.
To carry out a preliminary experiment of both implementation.
Design of the PCB.
Publication of the scientific paper.

Oral communication in the CASEIB in Barcelona.

Estimated time: 8 weeks
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3. Geometrical calibration phase
Adaptation of the flat panel by a metallic holder.
Creation of an algorithm in Matlab to adapt the images obtained from the flat
panel to a format compatible with the reconstruction software.
Study of the calibration algorithm developed previously in the lab.
Study of the adaptation of this algorithm to our system.
Experiments to adapt the algorithm to the image obtained with our system.
Development of an calibration protocol
Analysis of the obtained results.

Study of the repeatability of the calibration parameters.

Estimated time: 11 weeks

4. Reconstruction phase
Creation of an algorithm in Matlab to obtain the final calibration file.
Development of a reconstruction protocol
Study of the parameter that are needed to be introduced in the Mangoose
software.

Study of the reconstructed phantom image.

Estimated time: 2 weeks

5. Evaluation on small animal
Repetition of the calibration procedure using a small animal.
Obtaining the reconstructed image following the reconstruction protocol.

Study of the result.

Estimated time: 1 week

6. Project report development phase
In this last phase of the project the report is developed, where all the work done,

conclusions and future work are presented.

Estimated time: 9 weeks

Therefore, total time estimation in hours is 640 hours.
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9.2

Estimated budget

9.2.1 Personnel cost
The total personnel cost associated to the development of the project is:

CATEGORY

TIME

y Carlos Il de Madrid

ikiersidsd

CosT/HOUR

CosTt (€)

Biomedical engineer

(Hours)
640

(€)
15

9,600.00

Project coordinator

150

35

5,250.00

Research engineer

Table 9. 1 Personnel cost breakdown

200

—

9.2.2 Material cost
Below the costs of used material in the realization of the project are shown:

9.2.2.1 Inventoriable material

20

4,000.00

1885000

The following table shows the material used in the project with a depreciation of 20%

at five years.

MATERIAL USED

CosT(€) CosT/YEAR

DEDICATION CosT (€)

Personal computer. AMD
Athlon™64 X2 Dual Core
Processor 5200+ 2.60 GHz
4,00 GB RAM

1000

(€)
200

8 months

133.00

Matlab programming
language license

6000

1200

8 months

800.00

XRpad 4336 detector
(PerkinElmer)

35000

7000

50 hours

40.00

C-arm+Operating room

30€/hour

50 hours

1,500.00

Table 9. 2 Inventoriable material cost breakdown
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9.2.2.2 Fungible material

MATERIAL USED CosT (€)
ADIS16209 114.00
TM4C123G 18.00
Printed Circuit Board (PCB) 76.00
Holder *
Phantom 150.00
Others(connectors, wire...) 10.00

Table 9. 3 Fungible material cost breakdown

* The detector holder was provided by SEDECAL without any cost.

9.2.3 Indirect cost

Indirect costs are calculated to be 20% of the material and human costs, which is 4338,2 €.

9.2.4 General cost and industrial benefit
The general costs and industrial benefit correspond respectively to 16% and 6% of the

material costs. Then the general costs are estimated to be 454. 56 € and the industrial

benefit 170. 46€.

9.2.5 Total cost
From the obtained result of cost including personnel and material, final budget is
calculated taking account the 21% VAT:

Personnel cost 18,850.00
Total material cost 2,841.00
Indirect cost 4,338.20
Total cost without VAT 26,029.20
VAT (21%) 5,466.13

Table 9. 4 Summary of the costs

Therefore, the total budget of this project comes up to:

Total budget: 31,495.33 €
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APPENDIX

A. SCIENTIFIC PUBLICATION DERIVED FROM THIS THESIS

A. Garcia-Santos, C. de Molina, |. Garcia, J. Pascau, M. Desco, M. Abella. Enhancement
of the angular calibration accuracy in a C-arm for its use in tomography.

Congreso Anual de la Sociedad Espafiola de Ingenieria Biomédica (CASEIB), Barcelona,
2014.
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Enhancement of the angular calibration accuracy in a C-arm
for its use in tomography

A. Garcia-Santos', C. de Molina'? | I Garcia'”, J. Pascau'”, M. Desco'™, M. Abella'?,
' Dept. Bicinzenderia e Ingenieria Aeroespacial, Universidad Carlos I de Madrid, Espafia

tI - de b . i6n Samitaria G _ fém. Madrid
} Centro de investigacién en red en salnd ments] (CTRERSAM), Madrid

Abstract images in different sorgical procedures soch oas

The C-arm radiclogy equipment offers a wide vaniety of
movements that, together with its characteristic strocure,
makes it possible to be used in intraoperative scenaries.
Such a scanmer is conventionally imtended to obtain planar
images with no depth information OCwr group is
evaluating the use of the C-arm a5 imaging guide amd
suppaort equipment in Infraoperative Radistion Therspy
procedures. For its use in Computed Tomography (CT), it
is important to bave acoorabe mechsmical calibration amd
anpular positioning in order to reduce the artifacts in the
reconsimucted imaze. In this work, we show the effects of
small emors in the angle p-ursilium of the C-arm by
simmlation. In order to obtzin this angulsr position with
the required precision for 3D reconstroction, we have
implemented & positioning system based on a digital
inclinometer and a wser interface. It extracts the angle
values with a higher acouracy than the C-arm provides
(0.1° ws 57).

Introduction

The poal of Infracperative Radiation Therapy (IORT)
reaiments is the imadistion of post-resected tumor beds
or partially resecied tumors avoiding, a5 possible,
affecting critical organs [1]. The choice of the wobome of
irradiatiom and the total dose for the momor are the basis
for planming external radiotherapy, done om CT image.
Given the difficolties derived from the change of the
amatomy during surgery, the IORT planming is mot am
obvious fask Owr group at Gregorio Maranon Hospital
has developed a radiation therapy planning tool [2, 3], but
the complete evaluation would need an imaging technique
to evaluate the resl simation afier surgery. This simmlator
allows the mmtroduction of concepts from external
radiotherapy resulting in what is known as Image Guided
Fadistion Therapy (IGET). This concept includes the
acquisition of XD and 3D images before, during, and afier
radiation [4, 5].

The mobile fluoroscopic system is known as C-Arm It
comsists of two units: the X-ray generator and the detector
(image intensifier or flat panel) mounted in an arc-shaped
wheeled base, and the workstation unit used to visualize,
store, and manipulate the images. The C-amm allows a
zreat vanety of movements, and it characteristic
strocture makes it possible o be wsed n infracperative
cases, as the arc can be sitmted aromnd the patient hying
in the bed It is used o obiain imracperative planar
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cardiology, crthopedics, and urology.

We propose to use a C-Arm as a tomograph to obtain 3D
images of the patient during IORT. In that semse, the C-
Arm will work anslogously to a CT scanmer with cone-
beam peometry. The use of 3 C-arm for tomography
presents several difficolties. It may hawve mechamical
sirains and lorseness in the detector (image imtensifier)
and the movements of source and detector may differ
from a circular path Moreover, it is necessary to consider
the repeatability of the acguisitions for same positions at
different moments. To obtsin pood quality images, it is
mecessary to evaluate the effects of these non-idealities
and to perform an exhsustive calibration of the system,
not nesded when it is used for planar imaging [i§].

In previous works, we presenied the effecs of the
possible misalizmments of the image detection pamel of
the C-Arm [7] and showed the necessity of calibrating
this equipment i order to zenerate 3D imapes. Crher
work was focused on the implementation of a calibration
method that characterizes the peometry of the system [8].
Besides the mechanical calibration of the source and
detector relative positioms, it is pecessary to obimin the
angular position of the system as a whole.

In this work, we present the effecis of ermors o the angle
positioning and describe the implementation of a
positioning system that obtains the angular pesition with
the requited precision for a tomography reconstructon.
Our experiments are based om the C-Arm Model
SIREMOBIL Compact L of Siemens.

1. System under study

The SIREMOBIL C-Arm consists of an X-ray source and
an image intensifier attached o a C-Arm gamity. The

peometry is depicted in Figure 1.
i e L
' e
.-'I ' :_ 3 "_.: -
# P o
o p o
Fignre 1. Lgft SIEMENS C-drm. Right: Goometry parameiers
o the cone-Beam gyssem
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The C-arm can rotate aromnd two different swes in order
to obtain M-ray images of the repion of interest from
different ansmlar positions. We will refer to the two
rotations that the system is able to perform as vertical
# Horizontal tilt &= 3 rottion aromnd the horizomtal

supporting arm and spans 360° (Figure 2)
e

»  Wertical movement consists on a rotstion on the C-
arm plane and spans a range from +90° to -40F
starting from the neutral position (Figare 3). This
and the detector are aligned in the vertical plane.

e
4 A
]

' O

Frgure 3. Fartical rotation
This system, which i= not aimed for tomography, is
completely manmsl and only has a very mdimentary angle

positioning: a scale drawn in the arm with a resolution of
5%, as can be seen in Figure 4.

Figure 4. Anguiar scaie in the C-orm s arc.

1. Effects of errors in the angular
positioning

With the aim of smdying the effects of emors in the
anpular positioning of the system on the reconstcted
image, we have nsed a sinmlation tool developed in the
=roup that enmlates the fimctioning of an X-ray system- it
produces 3 set of projections of synthetic phantoms basad
on the parameters that describe the real system (shown in
Fipure 1). This ool is implemented in CUDA language
and accelerated thanks to parallel processing in Graphic
Processing Units (GPUs). Data reconstmaction is done
with Mangoose, a mmilti-bed reconstroction software
based in the FDVE analytical method [9].

We have used a synthetic phamtom with similar phoysical
characteristics to buman bones amd water that fit in the
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Field Of View (FOV) of the C-arm under smdy (114.4
mm diameter). It consists of a methacrylate cylinder of
200100 pixels, 0.8 mm pixel size with two ellipsoidal
balls inside of 40 pixels diameter (Figure 5).

Figure 5. Simulaied pharom
The oumber of anpular positions obtained was 360,
separated 1=f) degrees, where n is a varable random
ermor.  Reconstroction was made considering the angular
projections were obtained with 1 degree snpular step in
order to see the effect of an emmor in the angular position
has on the final reconstmction.

Figure § shows the effect for vahies of ) in the range of =
17 amdd =37,

Figure 6. Fiew qf the reconsiructed image with no errors (g,

with an arror in the range of £ I° (top middie) , with an eror

the range g = 3° (Dottom middis), susraction of rue image and

image with error in the range gf + 1° (top right) and mustractian

of true image and fmagse with error in the range gf = 3 Yhortom
Fight)

Emors in the angular position lower than 1 degree result
on artifects in the reconstructed images and thoset
ruler is about 57 ( this is the space between mark and mark
on the arc), these resulis indicate the need of a positioning
Sysiem.

1. Positioning svstem

We have selected the ADIS16209, a digital inclinometer
with an accuracy of 0.1°. To send the snalog data obtained
by the sensor to the compuier we use Arduine Mega,
which is an open-source elecironics profotyping platform
made up of three basic elements: a microcontroller board
with inputs and ouiputs (shown m Figure 7), a
development emvironment or IDE and a programming
languaze.
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Frgure 7. Plogbrm of Arduing Mesa.

Between the iclinometer and Arduing we need an
evahmation board to allow for the proper compmomication
For this purpose we have used the ADIS1620xPCB
evaluation board that provides comvenient access to the
inclinomeder using & standard 2 mm, 2xf, connector
imterface.

Firure 8 shows the placement of the inclinometer used in
the C-Amm.

Frgure & Lyt Positioning off the mclinometer m the upper part
of the C-arm (Biue orrow). Top Right: nclimomater connection
with the evaluation bogrd and Ardume board Bodtom right
derail of the placement of the inclimometer to gert the right
oriemtmion

41 Communicatiom  between  computer and
As explained above, we use Anduine as an imermeddisry
inclinometer is comnected to Ardoino board Table 1
shows the dats configuration for each owutput data register
in the inclinometer.

Riaginter Biti | Scals’

TN G AN

RarCl T 1% I

ATEL T - l:m_dn; ! Lol denotes ouerdity par LAl
ALE_ADC 1z TEI0S = rtvigs i~ L 49T
TEWW_OLT 12| AT *Range Is - 179975 0 + 180",
AP _CUT | 14 s

WIRCL_ouT: & [frrlog

o 18 [

Table I. Cugput Dara Register Formoars
Each output data register has the following bit sequence:
new data (WD) flag, error/alarm (EA) flag, followed by 14
data bits. The ND flag indicates that unread data resides
in the cutput data registers. This flag clears and retoms fo
0 during an owtput register read sequence. It retorns to 1
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afier the next internal sample update cycle completes. The
EA flap indicates an error condition.

Since we are only interested im data reganding wvertical
rotation.  (YIMNC_OUT repister) amd horzontal tlt
(EINCL_OUT register), we have developed a software
wing Arduine development emviromment that records
only these data. After reading the comtent of one of these
registers, we mask off the upper two bits (WD and EA),
and comvert the remaiming 14-bit o a decimal
equivalent and mmitply by 0.025 to comvert the
measurement inbe units of angle (7).

4.2 User imteraction and data storage

Diata cammot be stored in the Arduing for a fomre use,
since it does not offer the possibility of creating a file.
Instead, we have implemented a wser interface using
Processing, which is an open sowrce programming
lanpuaze and imbezrated development environment based
om Java.

The walues provided by the inclinometer are in the range
of =90° for the horizontal tilt and =180° for the vertical
rotation In the case of vertical rotaton the arc will never
excesd the inclinometer’'s limitation of =180°. For
horizomtal tilt the displayed value is not correct for angles
with absolote value prester them 90 ° and this emor
depends on the gquadrant the actual angle belongs to, as
explained in Table 2.

Real angle | Angle provided

0F=o=80" 65" 65
a=50" S0° 90
90°=o=<180° 110° 70°
a=180" 180 0°

180" <a<270° 200° -20°

a=270" 270 -90°

270 <a=360° 300° -60°
a=360" 360° 0"

Table 2. Examples of desired angles for the horzontal it and
vaiues obtaimed with the inclinomaeter.

The user imerface module, apart from saving the data in a

text fle, solves the problem previouwsly discussed

allowing us to visnalize the acmal position in consecatdve

angles from 0F to 360°. When the progzram is initiated, the

interface as shown in Figure 9 is displayed

B e g =l

ORI AL TLT.

Frguwre 8. Fnterface that arpears when the program craated in
FProcessing iy nitiaied.

When button “+90° is pressed, the program knows the

system is in the simaton 9°<a<270°, calculating the

angular position as 180-a; when button “+270 is ON the

angulsr positon is calculated as 36(+a. Also, when the
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rotation is in the counterclockwise direction the user nmst
use the bumtton "Megative rotation”, which will give
negative values as shown in Table 3. Each button changes
the text inside it from “OFF" to “0N™ when is pressed.

In order to improve macooracies due to the vibration of
the C-arm we perform an average of the last 10 values
resd when the system reaches the desited positon. The
value is saved in the comesponding text file (“Capture™
botiom). A different empty file is ceated each time we
start the program.

4.3 Experiments

We have tesied the feasibility of using the inclinometer
placed on the C-arm in an acmsl operating room and if its
comnection imferferes the C-arm movements snd the
normal workflow in a surgical scenario.

We have performed 3 preliminary experiment checking if
values displsyed on the compufer screen matched the
marks in C-arm First, maimtaiming the vertical rotation,
horizomtal tlt was changed using positive and nepative
values. We subsequently carried out the same experiment
rotation. Table 3 shows bow values obtmined by the
reading the marks on the arc. We can see also that ermors
duoe to manoal positioning can be solved by the

inclinometer duoe to higher accuracy.
Counterckwise Clockwrise Vertical
Herizontal Tilt | Horizontal Tilt Eotation
Inclinexieser | C-Arm | Isclimemister | Cdpm Inchramersr | C-Arme
o* 5+ 5 3" N EER
ETH g e % 75+ TE®
[TH [F o 567 [TH 61"
50" BT 50" [TH [TH TE
1" 13" 1" 115 EN B
130° -153 " 1% * 148 15+ 1"
130° 181" 150 * 176 1 [H o
ETH 213 * 210 - ECH 15" 15"
-2au FrT T FETH -an* EH
- 263 " a7 - 366 a " EL
20" -303 ¢ 3 - FEl
330" FEE R az8
. -AR1 " Bl LT A

Table 3. Comparison gf the angles shown By the arc and the
nclinometer of the Tame poition.

1. Discussion and conclusion

We have shown using simmlations that even small anpular
positioning errors lead to artifacts im the reconstrocted
image thus indicating the need of a positioning system o
obtain higher scouracy wusing a C-arm We describe a
positioning system based om the ADISIS20® digitl
inclinometer for the C-arm and positive results from an
initial validation.
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that we assume that omly ome of the inclinatioms is
different from zero, thos the valnes of YINC_OUT or
XINC_OUT are directly the positioming angles. When
moving the C-arm to a different plane in which both are
different from zero, the values for both inclinations
should be calcolated combining the information given by
both parameters of the inclinometer. Afier implementing
this feshure, fumre will also ichide wsing the
inclinometer on the C-arm to take real data and calibrate
the mechanical misalipnments to obtain 8 reconsiructed
image. Furthermore, we will increase the acouracy of the
values shown i the screen using all sigpificant digits
provided by the inclinometer_
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GLOSSARIUM

ALARA: As Low As Reasonably Achievable

Universidad
Carlos Il de Madrid

CASEIB: Congreso Anual de la Sociedad Espafiola de Ingenieria Biomédica

CR: Computed Radiography

CT: Computed Tomography

CUDA: Compute Unified Device Architecture

DR: Direct Radiography

FBP: Filtered Backprojection

FDK: Feldkamp, David y Kreis

FFT: Fast Fourier Transform

FOV: Field of View

FPD: Flat Panel Detector

GPU: Graphic Processing Units

ICU: Intensive Care Unit

IRD: Image Reader Device

KeV: Kiloelectron volt

KVp: Peak Kilovoltage

LIM: Laboratorio de Imagen Médica

mAs: Milliampere-second

MATLAB: Matrix Laboratory

MEMS: Microelectromechanical systems

PACS: Picture Archiving and Communication System
PCB: Printed Circuit Board

PSP: Photostimulable storage phosphor imaging plate
ROI: Region Of Interest

SDD: Source to Detector Distance

SEDECAL: Sociedad Espafola de Electromedicina y Calidad
SPECT: Single-Photon Emission Computed Tomography
SPI: Serial Peripheral Interface

TAC: Tomografia Axial Computarizada

UMCE: Unidad de Medicina y Cirugia Experimental
UCI: Unidad de Cuidados Intensivos

XRII: X-Ray Image Intensifier

86



® Universidad
Carlos Il de Madrid

-
q Hospital General Universitario
Gregorio Maranén

B8 comunidad de Madrid

BIBLIOGRAPHY

[1] “Handbook of Medical Imaging, Volume 1. (Parts 1 and 2) Physics and Psychophysics
(SPIE Press Monograph Vol. PM79/SC): 9780819477729: Medicine & Health Science
Books @ Amazon.com.” [Online]. Available: http://www.amazon.com/Handbook-
Medical-Imaging-Psychophysics-Monograph/dp/0819477729. [Accessed: 16-Jun-2015].

[2] “Medical Image Processing, Reconstruction and Restoration: Concepts and Methods
(Signal Processing and Communications): 9780824758493: Medicine & Health Science
Books @ Amazon.com.” [Online]. Available: http://www.amazon.com/Medical-Image-
Processing-Reconstruction-Restoration/dp/0824758498. [Accessed: 16-Jun-2015].

[3] P. Suetens, Fundamentals of medical imaging. 2009.
(4] A. C. and M. S. Kak, “principles of Computerized Tomographic,” 2001.
[5] H. Turbell, Cone-Beam Reconstruction Using Filtered Backprojectionn, no. 672. 2001.

[6] J. F. Barrett and N. Keat, “Artifacts in CT: recognition and avoidance.,” Radiographics,
vol. 24, no. 6, pp. 1679-91, Jan. 2004.

[7] “Mobile X-ray Image Intensifier System Mobile X-ray Image Intensifier System.”

[8] A. Devices, “iSensor ™ Inclinometer / Accelerometer Evaluation Board ADIS1620x /
PCB,” 2007.

[9] S. Vedantham, A. Karellas, S. Suryanarayanan, D. Albagli, S. Han, E. J. Tkaczyk, C. E.
Landberg, B. Opsahl-Ong, P. R. Granfors, I. Levis, C. J. D’Orsi, and R. E. Hendrick, “Full
breast digital mammography with an amorphous silicon-based flat panel detector:
physical characteristics of a clinical prototype.,” Med. Phys., vol. 27, no. 3, pp. 558-67,
Mar. 2000.

[10] PerkinElmer, “XIS Reference Book - X-Ray Imaging Software Table of Contents,” pp. 1-
131, 2010.

[11] G. Dougherty, Digital image processing for medical applications. 2009.
[12] C.Solomon, Fundamentals of digital image processing. 2011.

[13] D. A. Jaffray, J. H. Siewerdsen, J. W. Wong, and A. A. Martinez, “Flat-panel cone-beam
computed tomography for image-guided radiation therapy.,” Int. J. Radiat. Oncol. Biol.
Phys., vol. 53, no. 5, pp. 1337-49, Aug. 2002.

[14] Y. Cho, D.J. Moseley, J. H. Siewerdsen, and D. A. Jaffray, “Accurate technique for
complete geometric calibration of cone-beam computed tomography systems,” Med.
Phys., vol. 32, no. 4, p. 968, Mar. 2005.

[15] M. J. Daly, J. H. Siewerdsen, Y. B. Cho, D. A. Jaffray, and J. C. Irish, “Geometric
calibration of a mobile C-arm for intraoperative cone-beam CT.,” Med. Phys., vol. 35,

no. 5, pp. 2124-36, May 2008.

87



® Universidad
Carlos Il de Madrid

B8 comunidad de Madrid

-
q Hospital General Universitario
Gregorio Maranén

[16] T.A.W.andT.J.R.Noo, F.R. Clackdoyle, C. Mennessier, “An analytic method based on
identification of ellipse parameters for scanner calibration in conebeam tomography,”
2000.

[17] M. Korner, C. H. Weber, S. Wirth, K.-J. Pfeifer, M. F. Reiser, and M. Treitl, “Advances in
digital radiography: physical principles and system overview.,” Radiographics, vol. 27,
no. 3, pp. 675-86, Jan. .

[18] J. Hsieh, Computed Tomography: Principles, Design, Artifacts, and Recent Advances.
SPIE Press, 2003.

[19] M. D.andlJ.J. V. Abella, M, “Contributions to Image Reconstruction in High-Resolution
Multimodality Systems for Preclinical Applications,” 2010.

[20] M. Abella, J. J. Vaquero, A. Sisniega, J. Pascau, A. Udias, V. Garcia, |. Vidal, and M. Desco,
“Software architecture for multi-bed FDK-based reconstruction in X-ray CT scanners.,”
Comput. Methods Programs Biomed., vol. 107, no. 2, pp. 218-32, Aug. 2012.

[21] Y. Sun, Y. Hou, F. Zhao, and J. Hu, “A calibration method for misaligned scanner
geometry in cone-beam computed tomography,” NDT E Int., vol. 39, no. 6, pp. 499-513,
Sep. 2006.

[22] P.T. Data, “High Accuracy , Dual-Axis Digital Inclinometer & Accelerometer,”
Nonlinearity, 2007.

88



Universidad
Carlos ITI de Madrid

5 q Hospital General Universitario
Gregorio Marainén

SaludMadrid [ comunidad de Madria

89



