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ABSTRACT 

 

Computed Tomography (CT) allows us to produce cross-sectional images of the sample, 

facilitating the visualization of a certain body part without disturbance of surrounding 

structures. CT may not be available due to patient mobility restrictions in circumstances 

where obtaining depth information could be beneficial for diagnosis or surgical precision. 

For example, during surgery or in the intensive care unit (ICU), the acquisition of 

tomographic images of the patient could provide valuable clinical information. Using a 

CT system is hardly an option because of the monitoring equipment attached to the patient. 

In these situations, C-Arms are X-ray systems widely used because of their open design 

and portability, but they are designed to provide real time 2D images deprived from depth 

information. The use of a standard C-Arm as a tomograph presents some difficulties 

because of its mechanical instability and reduced angular movement, which lead to the 

appearance of severe artifacts by conventional reconstruction algorithms. 

This work describes a complete protocol for using a C-Arm as a tomograph, correcting 

for the mechanical instability of the system and the limited angular span during the 

acquisition. It is framed on a line of research developed by the Biomedical Imaging and 

Instrumentation Group (BiiG) from the Bioengineering and Aerospace Department of 

Universidad Carlos III de Madrid, in collaboration with Hospital General Universitario 

Gregorio Marañón (HGUGM), through the Instituto de Investigación Sanitaria Gregorio 

Marañón. Previous work shows the feasibility of this proposal by exploiting the surface 

information of the sample, acquired with a contactless light 3D scanner. This work 

improves that protocol to be able to cope with any type of study data and clinical scenario, 

including alternatives for some steps which may fail for more complicated situations.  

Evaluation with simulations and real data shows the efficacy of this methodology because 

of the considerable improvement in the quality of the reconstructions, which leads to 

valuable tomographic images and opens the possibility of their availability in those 

critical scenarios. It represents a step forward to prepare this protocol for its promising 

implementation in the clinics. 

 

Keywords: X-Ray imaging, limited-view tomography, C-Arm, geometrical calibration, 

advanced image reconstruction. 
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1. INTRODUCTION 

 

1.1.  X-Ray basics for medical imaging 

 

X-Rays medical imaging is widely used in clinics due to its low price and speed in 

comparison with other image modalities. It provides anatomical information and the 

source of contrast in the image is the differences in X-Ray attenuation of the tissues, 

which is highly determined by their densities.  

X-Rays are high-energy electromagnetic radiation. It is ionizing because it is able to strip 

electrons from the atoms, producing free radicals in the body. The energy of an X-Ray 

photon is given by: 

             E= 
hc

λ
=hυ                      (1.1) 

 

where ℎ stands for the Planck’s constant, with value 4.135∙ 10−15 𝑒𝑉 ∙𝑠, c is the speed of 

light, 𝜆 is the wavelength and 𝑣 is the frequency. The energy range for clinical X-Rays is 

30-140 kV. 

 

1.1.1. X-Rays generation 

 

 

Fig. 1.1 X-Ray tube.[1] 

 

The generation of X-Rays occurs in a vacuum tube, known as X-Ray tube (Fig. 1.1), 

sealed by a glass envelope. Inside the X-Ray tube there are two main structures: the 

cathode and the anode, at a high difference in voltage.  

High current travels through a filament in the cathode. Electrons are emitted due to the 

thermionic effect and accelerated towards the anode by the difference in voltage. They 

hit the anode disk, generally made of tungsten, generating heat as the principal effect, and 

X-Rays with an efficiency of 0.5 %.  The anode is permanently rotating to dissipate the 

heat.  The production of X-Rays occurs due to two main phenomena (Fig. 1.2): 
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a) Bremsstrahlung radiation: 

The electron is deviated when passing close to the nucleus of the target atom, and loses 

kinetic energy in the form of a photon.  

 

b) Characteristic radiation: 

The incident electron kicks out an electron of the inner shells of the target atom, and the 

gap of that electron is occupied by another one of the outer shells. The difference in 

binding energy between both shells is released as an X-Ray photon. 

 

 

Fig. 1.2 Bremsstrahlung radiation (left) and characteristic radiation (right).[1] 

 

The resulting X-Ray spectrum (Fig. 1.3) is composed by peaks given by the specific 

energies of the photons released by the characteristic radiation, and the continuous 

energies of the photons generated by the Bremsstrahlung radiation. The low energy 

photons are absorbed in the X-Ray tube or pre-patient filters. They are not desired because 

they do not contribute to the image generation as they are completely attenuated in the 

human body, but suppose ionizing radiation dose to the patient. 

 

 

Fig. 1.3 X-Ray spectrum [1] 

 



 

3 

 

1.1.2. X-Rays interaction with matter 

 

In the range of energies of clinical X-Rays, three main phenomena occur when X-Ray 

photons interact with tissues: 

 

a) Photoelectric effect: 

The X-Ray photon is completely absorbed, giving all its kinetic energy to an electron 

which is ejected from the atom, producing ionization.  The removal of electrons from the 

atoms induces the generation of free radicals (molecules with unpaired electrons), which 

are highly reactive. These chemical changes suppose health risks for the patient. 

Nevertheless, this effect is crucial for the image production. 

 

b) Compton scattering: 

The X-Ray photon kicks an electron that is released from the atom, and it is deviated due 

to the loss of energy of this event. It is an undesired effect because it reduces the contrast 

resolution of the image. 

 

c) Rayleigh scattering: 

The X-Ray photon is deviated when interacting with the electric field of an orbital 

electron, conserving its initial energy. It has the same negative effects in the image as 

Compton scattering. 

 

 

Fig. 1.4 From left to right: photoelectric effect, Compton scattering, Rayleigh scattering. [1] 

 

1.1.3. X-Rays detection: 

 

After passing through the target tissues to be imaged, X-Rays are collected in X-Ray 

detectors. The first X-Ray detectors were photographic films covered by a silver 

emulsion, more sensitive to light than to X-Rays. Therefore, high doses of radiation were 

required. In order to solve this issue, an intensifying screen, which converts a portion of 

the X-Ray beam into light, was placed over the photographic films.  
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The revolution came with the development of digital detectors, in the 90s. These detectors 

convert the received X-Rays into electrical signals, which are post-processed in the 

computer, facilitating the acquisition process and improving the quality of the image. 

These are the most used detectors nowadays.  The most common ones are those called 

Flat Panel Detectors (FPD). 

 

1.2.  X-Ray Projection 

 

X-Ray projections are planar images in which each value represents the sum of all the 

attenuation coefficients of the structures encountered by the X-Ray photons reaching that 

spot. A simple 2D object with the numerical result of two projections at different angles 

is illustrated in Fig. 1.5. 

 

 

Fig. 1.5 2D object which is acquired 2 projections at angles 0 and 90 degrees, being v the X-Ray attenuation 

coefficient. 

 

Each image value is mapped to a level of gray intensity. High X-Ray attenuation 

coefficients are represented with light gray approaching white (bones have high density 

and therefore high X-Ray attenuation coefficient) while lower X-Ray attenuation 

coefficients tend to black (air at the background is black and soft tissue is gray). Fig. 1.6 

shows a real X-Ray radiograph where these features can be appreciated. The structures 

are overlapped, as it is noticeable in the case of the heart and the spine. Consequently, 

there is a lack of depth information and a difficulty for quantitative measurements because 

the values for each structure cannot be extracted, only the sum. 
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Fig. 1.6 Chest X-Ray projection of a healthy individual.  

 

Mathematically, for parallel X-Rays, a projection is a set of line integrals which transverse 

the object. Fig. 1.7 illustrates this concept. The function pφ (r) which refers to the 

projection, defined for all values of r, is known as the Radon transform of the function 

f(x,y), which is the attenuation coefficient distribution of the object to be imaged. 

 

 

Fig. 1.7 A projection, represented as the 1D function pφ (r), is a set of line integrals, represented L(r, φ), 

which go through the object to be imaged, whose attenuation coefficient map is referenced as f(x,y). [2] 

 

1.3.  X-Ray Computed Tomography 

 

Tomography refers to the production of images showing the slices of an object without 

cutting the object. Its working principle is to take several projections of the target sample 

at different views, usually in a rotation of 360 degrees, and then generate its 3D x-ray 

attenuation map by a reconstruction algorithm. Then, images can be shown from the 

resulting volume in axial/transversal, coronal and sagittal views, as illustrated in Fig. 1.8.  
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Fig. 1.8 Anatomical planes.  

 

A real thorax CT is displayed at Fig. 1.9 at the three anatomical planes views.  

 

 

Fig. 1.9 Thorax CT of a healthy individual. From left to right: axial, coronal and sagittal views.  

 

1.3.1. Reconstruction algorithms 

 

The reconstruction algorithms can be divided into analytical and iterative. 

 

1.3.1.1. Analytical reconstruction methods 

 

These methods try to find a mathematical expression to compute the inverse Radon 

Transform. They are based on the Central Slice Theorem, which establishes a relation 

between the projections and the volume through the Fourier Transform (FT). This 

theorem states that the 1D FT of a parallel projection of a distribution f(x,y) (2D slice of 

the sample) at angle θ is equal to the values of the 2D FT of that distribution in the straight 

line which crosses the origin at the same angle θ with respect to the x-axis in the Fourier 

domain. Fig. 1.10 shows a scheme of this statement. 



 

7 

 

 

  

Fig. 1.10 Central slice theorem illustration. [6] 

 

The most common analytical reconstruction methods are based on Filtered Back 

Projection (FBP).  FBP consists of two steps: additive back projection and filtering. 

Firstly, each projection is back projected along its acquisition direction, so its values are 

summed to all the voxels encountered along that direction, starting with an empty volume. 

Fig. 1.11 illustrates the back projection principle for a simple 2D case.  

 

 

Fig. 1.11 Back projection on a 2D sample. 

 

This process must be repeated for a high number of projections surrounding the whole 

object. The resulting output is a low-pass version of the sample to reconstruct, so a ramp 

filter (high-pass filter) is applied to enhance the high frequency component and reduce 

the weight of the low frequency component coming from successive additions. 

Most X-Ray systems present a cone-beam geometry instead of a parallel one. Both beam 

geometries are shown in Fig. 1.12. FDK [3] reconstruction is an analytical reconstruction 

algorithm developed by FeldKamp, David y Kreis for cone-beam geometry, which is 

based on the FBP principle and it is widely used. 
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Fig. 1.12 Parallel beam (left) and cone beam geometry (right). [1] 

 

1.3.1.2. Iterative reconstruction methods 

 

They are used when the acquired information is not enough for a successful output of the 

analytical reconstruction methods due to a low number of projections, which leads to the 

appearance of white and black streaks on the image, and/or low angular span, which 

causes diffused contours. Both types of artifacts are illustrated in Fig. 1.13.  

 

 

Fig. 1.13 From left to right: central axial slice of a mouse: CT (goo quality reconstruction), a reconstruction 

with a low number of projections and a reconstruction with low angular span. 

 

They reach the solution iteratively. A first simplified version of the object is estimated by 

the location of ones in the field of view and zeroes in the other areas of the volume. Then, 

projections are simulated from this estimation and compared with the acquired ones. The 

differences are introduced in the next estimation, so that its resulting projections are closer 

to the acquired ones. This process is repeated until the differences between the simulated 

and measured projections are below a threshold. It is schematized in Fig. 1.14. 
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Fig. 1.14 Iterative reconstruction methods principle. [6] 

 

Most of them include constraints to facilitate the convergence of the method to the proper 

solution, such as the non-negativity condition, as attenuation coefficient values are always 

above zero, and the surface space in the case of Surface-Constrained Method for Limited 

Data tomography (SCoLD) [4], used in this project. 

 

1.4. X-Ray imaging systems 

 

1.4.1. Radiography systems 

 

Radiography systems are designed to acquire X-Ray projections. Apart from the X-Ray 

source and detector, they include a primary collimator close to the source to focus the 

beam, a pre-patient filter to remove low-energy photons, and, in some cases, an anti-

scatter grid to reduce the effect of scattering on the image (it implies higher radiation 

doses due to the decrease in signal-to-noise ratio, so it is only used when necessary). Fig. 

1.15 show this standard arrangement, as well as a real system. Depending on the area to 

be imaged, there are a broad variety of detector sizes. 
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Fig. 1.15 Arrangement of a standard planar X-Ray system (left) and commercial radiography system, model: 

Ysio Max, Siemens Healthineers (right). 

 

1.4.2. CT scans 

 

A CT scanner is an X-Ray medical system designed for the acquisition of tomographic 

images. There has been a rapid evolution on their geometries along the last decade due to 

their increasing use in clinics. 

Most current standard CT scans present cone beam geometry. The x-ray source and the 

detector rotate around the patient for the projections acquisition and a whole body scan 

can be computed in 20 seconds, which is within breath holding range. Some detectors 

form a closed ring so that only the rotation of the x-ray tube is required. The acquisition 

can be further accelerated introducing helical movement, so that the scan time is reduced 

to 0.5 seconds. Helical movement is present in most clinical systems due to the save in 

time, and it is shown in Fig. 1.16. 

 

 

Fig. 1.16 Helical movement on a CT scanner[5] (left) and commercial Philipps CT scanner from the 

Ingenuity family (right). 
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1.4.3. C-Arms 

 

C-Arms are mobile X-Ray medical imaging devices which are designed for fluoroscopy, 

in other words, the acquisition of real time X-Ray projections for surgery guidance or 

other purposes (angiography, cardiac studies…), usually in emergency care procedures. 

They are composed by a C-shape arm which contains the X-Ray source and the X-Ray 

detector at its opposite tips, and a separate workstation where images are visualized and 

manipulated. Its flexible mobility allows image acquisition from almost any angle. Its 

orbital movement usually ranges up to 150 degrees. A standard C-Arm is shown in the 

figure below. 

 

 

Fig. 1.17 Commercial C-Arm (Nanjing Huadong Electronics Group Medical Equipment Co.) 

 

1.5. Medical image registration 

 

Image registration refers to the alignment of images so that the corresponding features 

can be easily related. It is a common procedure in hospitals to combine images from 

different modalities which contain complementary information, as occurs with CT and 

PET, which provide anatomical and functional information respectively. This allows the 

physician to know exactly the position in the patient’s body where there is high cell 

metabolism, for instance, which is an indicator of cancerous cells. This application is 

illustrated in Fig. 1.18. 
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Fig. 1.18. Fusion image application for cancer detection. [6] 

 

Image registration may also be used to align images of the same modality and the same 

patient but acquired at different times to measure changes in certain parameters, or to 

compare the patient image to a standard one contained in a medical atlas to detect 

anomalies in organ formation, etc.  

Medical image registration methods can be classified into two branches: intensity-based 

and feature-based. 

 

1.5.1. Intensity based methods 

 

These methods compute the geometrical transformation which aligns one image to the 

other iteratively, taking into account the intensity values of both. A cost function is a 

mathematical expression which reaches a maximum (or a minimum) when both images 

are aligned. The method iterates computing the parameters of the transformation matrix 

until the global maximum/minimum of the cost function is reached. The suitability of a 

given cost function depends on the image registration application. Some of the most 

common cost functions are: 

 

a) Mutual information (MI) 

MI is used for intermodality registrations. Its mathematical expression is: 

 

             MI = H(A) + H(B) - H(A,B)            (1.2) 

 

where A and B refer to the volumes/images to be aligned, H (·) refers to individual 

entropy and H (·,·) is the joint entropy. Entropy is a measurement of the amount of 

information provided by an image, or in the case of joint entropy, by the combination of 

both. If these two images are completely independent, the joint entropy is the sum of the 

individual entropies, so mutual information is at its minimum. When these two images 

are in alignment, joint entropy is lower because both images are related, so mutual 

information reaches a maximum. This is the cost function that is chosen in this project 

for the intensity-based registrations. 
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b) Sum of squared differences (SDD) 

SDD is used for intramodality registration. It is defined as: 

 

 
            SSD= 

1

N
∑|A-B|2          

(1.3) 

 

where A and B are the images to be aligned and N is the total number of pixels of A or B 

(both images/volumes must have the same dimensions). A minimum is reached for the 

best alignment. 

 

1.5.2. Feature based methods 

 

They are based on the alignment of point sets. Anatomical landmarks (certain organs or 

visible structures in both images) or external fiducials (small markers located on the 

patient exactly at the same position during both images acquisitions and easily detected 

on them), are selected manually by the technician as homologous points in this image pair 

for the computation of the geometrical transformation which brings them into alignment. 

When this type of registration is done with the aid of external fiducials, it is called fiducial 

registration. 
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2. MOTIVATION AND CONTEXT 

 

Computed Tomography (CT) allows producing cross-sectional images of the sample, 

facilitating the visualization of a certain body part without disturbance of surrounding 

structures. During surgery or in the intensive care unit (ICU), the acquisition of 

tomographic images of the patient could provide valuable clinical information but using 

a CT system is hardly an option because of the monitoring equipment attached to the 

patient. C-Arms are X-Rays fluoroscopic systems, which are widely used in these 

situations, since they present an arc-shaped gantry which connects source and detector 

and can be easily set around the patient bed. Their portability and open-shape make them 

suitable for these environments, but they are designed to provide real time 2D images 

deprived from depth information.  

Cone-beam CT systems, composed by advanced isocentric C-Arms, have shown their 

successful performance for tomography in these applications [7-8], but they require a 

larger economical inversion than standard C-Arms and need the complete rotation around 

the patient similarly to a CT system hindering their use in a general basis. The use of a 

standard C-Arm for tomography would provide depth information in these particular 

scenarios in which a CT system is not available, benefiting patients for a better diagnosis 

or surgical precision.  

The use of C-Arms as tomographs present some difficulties. These systems are 

mechanically instable, which prevents an accurate geometrical calibration. On one hand, 

the relative distances between source and detector change for different projections 

because of the mechanical strains induced by the heavy loads at their ends, resulting in a 

non-circular path. On the other hand, the high mechanical tolerance in the detector 

position may lead to modifications in its position (slight rotations and translations) for 

every projection. More importantly, the non-repeatability of these parameters makes the 

periodic calibration procedure common in tomographic systems unreliable. Finally, due 

to physical movement restrictions that prevent the acquisition of data within an angular 

span of 360 degrees and a high number of projections, common in standard CT, 

conventional reconstruction algorithms such as FDK [3] result in severe artifacts in the 

image.  

 

2.1.  Context 

 

This bachelor thesis is framed in a line of research developed by the Biomedical Imaging 

and Instrumentation Group (BiiG) from the Bioengineering and Aerospace Department 

of Universidad Carlos III de Madrid, which collaborates with Hospital General 

Universitario Gregorio Marañón (HGUGM) through the Instituto de Investigación 

Sanitaria Gregorio Marañón (IiSGM). 

A recent study [9] of the group developed a procedure to compensate the high mechanical 

tolerance and the limited available data of a C-arm system exploiting the information of 
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the surface sample, to be able to use it as a tomograph. The acquisition of the surface 

sample was done with a light 3D surface scanner, which does not suppose additional dose 

to the patient. Nevertheless, this method assumed a periodic geometrical calibration close 

to the real one and a recognizable contour of the sample.  

  

2.2.  Objectives 

 

This work presents a complete protocol for using a C-Arm as a tomograph so that it is 

able to cope with any type of study data and clinical scenario. The procedure compensates 

the mechanical instability of the system and the limitations during the acquisition that 

result in limited data for the reconstruction.  

This general objective can be divided into the following challenges: 

1. To study the previously published protocol by following all the required steps with 

already successful proved data (in this case, a hand phantom) and detect critical parts 

of the methodology by evaluating its performance with more complex data.  

 

2. To develop alternatives for these critical steps, so that the success of the methodology 

is closer to be both context and data independent. 

 

3. To evaluate the implemented modifications by following the protocol using complex 

simulated data and real data, assessing the quality of the resulting images.  

 

2.3.  Outline of the manuscript 

 

Chapter 1: Introduction. Theoretical background on X-Ray medical imaging, 

reconstruction algorithms and image registration methods to facilitate the understanding 

of the later content of the manuscript. 

Chapter 2: Motivation. Description of the line of research in which this work is framed 

together with its potential positive impact, previous work and general objectives of this 

thesis. 

Chapter 3: Method and materials. Thorough description of the proposed protocol to 

enable tomography with a C-Arm system, facing the difficulty of its mechanical 

instability and its restricted angular movement. Description of the materials and 

methodology used to evaluate the proposed protocol using both simulations and real data. 

Chapter 5: Results. The resulting tomographic images obtained by this protocol are 

presented along with the tomographic images obtained with a CT scanner, to facilitate the 

assessment of their quality and clinical value. 

Chapter 6: Discussion and future work. General conclusions regarding this work are 

presented along with limitations and ideas for improvement. 
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2.4. Regulatory framework 

 

In Spain, the “Consejo de Seguridad Nuclear” (CSN) is the competent organism in the 

area of nuclear safety and radiological protection. All the experiments for this thesis were 

performed following the principles of Radiation Protection established in “Reglamento 

de Protección Sanitaria contra Radiaciones Ionizantes (RPSRI)”, in special rooms 

certified by the CSN. The system was operated by personnel with the certification of 

“Operador de Instalaciones radiológicas” issued by the CSN. 

To reduce the risks associated with the exposure to ionizing radiation, the ALARA 

principle must always be followed, which establishes that the radiation doses must be as 

low as reasonably achievable and always below the established dose limits. This is 

implemented in practice by: time of acquisition minimization, distance between source 

and patient maximization, and the use of shielding materials (lead) to protect sensitive 

structures of the patient, like the thyroid, and the technical staff in charge of the image 

acquisition.  In the case of C-Arm fluoroscopic imaging, if the beam is vertical, or near 

vertical, the X-Ray tube must be kept under the patient or object during the image 

acquisition to minimize the ambient radiation received by the personnel. 

The C-Arm system must meet the requirements dictated by the European Parliament 

through the Directive 93/42/CEE and its transposition to the Spanish legislation by the 

real decree R.D. 414/96, which establishes clear criteria regarding the safety of 

electromedical devices. For a successful performance of the presented methodology, it is 

recommended for the C-Arm to have a minimum angular scope of 120 degrees. The 

workstations should present high computational capacity to reduce the time of the image 

reconstruction process, and the scanner device employed for the acquisition of the surface 

must be homologated for its medical use in clinics. 
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3. MATERIALS AND METHOD 

 

This chapter describes the proposed protocol for obtaining 3D images from limited 2D 

data acquired with a conventional C-Arm system and the methodology followed for 

evaluation, using both simulations and real data. 

 

3.1.  Proposed protocol 

 

The proposed protocol is divided into two main steps shown in Fig. 3.1. The first step 

compensates for the mechanical instability of the C-Arm system, which leads to an 

unreliable geometrical calibration, correcting the initial system calibration, calibini, to 

obtain calibfin.  The second step provides a solution to the limited input data available due 

to the restricted orbital movement of the device. These limited data are reconstructed 

using an advanced iterative reconstruction method, getting as result an improved 3D 

image, recofin. Both steps use a surface model of the sample, which is acquired with a 

contactless light 3D surface scanner and converted into a surface mask (binary volume in 

which the sample belongs to the foreground). 

 

 

Fig. 3.1. Workflow of the proposed method. 

 

3.1.1. System calibration and initial FDK reconstruction 

 

The system geometrical calibration, calibini, is calculated with an algorithm based on a 

method proposed by Cho et al [10]. A calibration phantom composed by a polymethyl 

methacrylate cylinder with two rows of eight markers embedded in its wall is required. 

Projections of this phantom are acquired at the same angular positions as the expected in 

the posterior acquisitions with the C-Arm system (Fig. 3.2).  



 

18 

 

 

Fig. 3.2 Projection of the calibration phantom required for the computation of calibini, in which the two row 

of markers have been detected by a computer tool, as well as the ellipses they form. [9] 

 

Following Cho et al method, the parameters of the ellipses formed by the two row of 

markers are used to calculate the following individual calibration parameters for each 

projection: source to object distance (SOD), detector to object distance (DOD), detector 

rotation (skew), detector vertical and horizontal displacements (linear offsets, Δh, Δv) and 

detector inclination angles (pitch and roll). These geometrical parameters are illustrated 

in Fig. 3.3. The appearance of the resulting calibration file, calibini, is shown in Fig. 3.4.  

 

 

Fig. 3.3 On the left, scheme depicting a C-Arm, with arrows indicating DOD and SOD considering that the 

center of the coordinate system corresponds to the center of the object to be imaged. On the right, 

geometrical misalignments in the detector panel. [9]. 
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Fig. 3.4 Fragment of a geometrical calibration file obtained by Cho et Al method. 

 

The mechanical instability of the C-Arm system leads to a non-repeatability of these 

parameters for every acquisition round. Therefore, the geometry contained in calibini is 

not reliable and must be adjusted for every image study.   

An initial reconstruction, recoini, is obtained with the FDK-based algorithm Mangoose 

[11-12], using the calibration parameters of calibini. The resulting 3D image is 

contaminated by misalignment artifacts, distorted contours and streaks, due to the 

geometrical tolerances previously mentioned and the lack of information derived from 

the low angular span.  Fig. 3.5 illustrates an axial view of the initial reconstruction of a 

hand, where the blue arrows point to diffused contours and the white streaks contaminate 

the whole image. This volume is used to define the field of view (FOV) of the acquisition 

and will be used to locate the surface mask in that position. 

 

 

Fig. 3.5 Cross-sectional view of a hand reconstructed with an FDK-based algorithm, from 49 projections 

acquired with a C-Arm in an angular span of 120 degrees. 
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3.1.2. Mask generation 

 

The surface model of the sample is acquired with a contactless light 3D surface scanner. 

The obtained surface is processed (its contours are closed and cleaned by hole filling and 

objects filtering operations) using the software provided by the scanner’s manufacturer. 

Then, it is exported as a polygonal mesh. This polygonal mesh is composed by a 

collection of vertices and surfaces that define the shape of the surface in the 3D space.  

The polygonal mesh is converted into a volume of voxels, as the next steps require the 

surface model to be in this data type. The voxels in the edges and the interior of the surface 

model are assigned a value of one, and the voxels out of the surface model are assigned a 

value of zero. The result is a binary mask (Fig. 3.6).  

 

 

Fig. 3.6 The polygon mesh of the surface (left) is converted into a binary mask (right). 

 

This conversion is performed in 3D Slicer [8]. First, the contours of the surface model are 

delineated by converting it into a segmentation node. Then, in the Segmentation module, 

this newly created segmentation item is exported as a label map, indicating as reference 

volume recoini, for the resulting volume to have the same dimensions and voxel size (the 

sample in the binary mask must have the same size as the one in recoini). The result is the 

3D binary mask. 

 

3.1.3. Calibration refinement 

 

The first step of the protocol aims to correct the detector linear offsets and skew, as well 

as the image magnification factor, which depends on the relation between SOD and DOD. 

Errors in pitch and roll are neglected. 

Fig. 3.7 shows a scheme of the calibration refinement process with intensity-based 

registrations. The objective is to simulate the projections of the sample with calibini and 

detect the differences in position, orientation and size of the sample in these projections 

with respect to the acquired ones, projini, for the correction of calibini. The resulting 

corrected geometrical calibration is calibfin. 
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Fig. 3.7 Geometrical calibration correction workflow with intensity based registrations. 

 

For the simulation of the projections, the surface model of the sample, which has been 

converted into a binary mask, is used. As this surface model was acquired with a 3D light 

scanner, the first step is to locate the mask in the FOV of the X-Ray system. For that 

purpose, the mask is aligned to recoini (Fig. 3.7 A). The geometrical transformation for 

this alignment is rigid (only translation and rotation). Scaling is not required because, 

when converting the surface model into the mask, the same voxel size and dimensions of 

recoini were assigned to it. This 3D registration is implemented in Matlab using the 

functions provided by SPM12 software 

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Previously, the mask can be 

manually moved to facilitate this process. 

The registered mask, maskreg, is then projected with FUX-sim [13] using the system 

geometrical calibration calibini, obtaining projmask. If the mechanical tolerances of the 

system were low, as in the case of CT systems, these projections of the mask (projmask) 

would coincide with the acquired projections (projini), because there would not have been 

geometrical changes between the acquisition of the calibration phantom, which led to 

calibini, and the acquisition of the target data to reconstruct. Nevertheless, the mechanical 

instability of the C-Arm leads to a non-repeatability of the geometry for every acquisition 

round. Consequently, there are differences in the position, orientation and size of the 

sample between projmask and projini.  

To measure these differences for the correction of calibini, projmask are aligned to projini 

(Fig. 3.7 B). The values of the required geometrical transformations are stored for the 

adjustment of the geometrical parameters. These transformations consist on rotation, 

translation and scaling (similarity transformations). In this case, scaling is included 

because DSO and DDO affect the magnification of the sample in the X-Ray image. If 

these distances in calibini are incorrect because of the high-mechanical tolerance of the C-

Arm system, the size of the sample in projmask is different from its size in projini and some 

scaling is required for their registration. The 2D registrations are performed with the aid 

of the Image Processing Toolbox of Matlab. Previously, the initial projections are blurred 

with a Gaussian filter and their values are normalized to facilitate this step.  
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Both mentioned 3D and 2D registrations are intensity-based and use mutual information 

as cost function, which reaches a maximum when the joint entropy of both volumes is 

minimized (more information on the chapter 1.5.1 of the introduction).  

Fig. 3.8 shows visually the outputs of these steps for a hand phantom. 

 

 

Fig. 3.8 Calibration refinement with intensity based-registrations. Illustration of the process with a hand 

acquired with a C-Arm (49 projections, angular span of 120 degrees). On the 3D intensity-based registration, 

the mask is the pink shadow over the green reconstruction. 

 

For cases in which recoini is severely distorted and contaminated by streak artifacts, and/or 

the shape of the sample (maybe truncated) hinders the 3D intensity-based registration 

with the mask, the alternative workflow shown in Fig. 3.9 has been developed. 

 

 

Fig. 3.9 Geometrical calibration correction workflow with fiducial registrations. 

 

To help the 3D registration process, fiducial markers are placed on the sample surface 

before its data acquisition. These markers will act as reference points for the computation 
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of the geometrical transformation which aligns the mask to recoini. For this purpose, 

markers that are both visible by the X-ray system and by the light scanner are needed.  

In an X-Ray image, the more visible structures are the ones with higher densities. 

Nevertheless, high-density structures contribute to the appearance of artifacts because 

they severely attenuate the X-Ray beam, preventing the X-Ray signal from reaching the 

detector and therefore leading to incomplete projection data. When applying FDK 

reconstruction algorithm, this causes the appearance of intense white streaks on the image 

due to the back projection step (explained in chapter 1.3.1.1 of introduction). 

Consequently, metallic markers must be avoided, and it is preferable to use ceramic 

markers, to find a trade-off between visibility and avoidance of artifacts. Ceramic markers 

are also suitable for their detection with a 3D-light scanner, because they are not reflective, 

which could lead to the exceedance of the detector dynamic range. 

As the purpose is to compute a 3D geometrical transformation, a minimum of three 

markers is needed. It is recommended to place four or five, in case some of them are not 

easily detected in recoini due to the presence of streak artifacts. The markers must be 

located at distant positions surrounding the target area, and its size must be big enough to 

be detected (for circular markers, radius of around 3-5 mm). 

The marker’s appearance and its visualization in the initial reconstruction recoini and the 

surface model of a foot phantom are illustrated in Fig. 3.10. 

 

 

 

Fig. 3.10 On the left, marker used in the evaluation of this study (Beekly Medical). In the middle, 

visualization of a marker in an axial view of recoini of a foot acquired with a C-Arm (49 projections, angular 
span 120 degrees). On the right, visualization of markers in its surface model. 

 

The fiducial 3D registration between recoini and the mask (Fig. 3.9 A) is done in 3D Slicer, 

where both fiducials clouds are manually located using the Markups tool.  In the Markups 

module, a set of points is assigned to the mask and the other set is assigned to recoini. Fig 

3.11 shows a screenshot of the program before the image registration. 
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Fig. 3.11 The two point clouds corresponding to recoini, in red, and the mask, in yellow, are shown in the 

3D view. In the slice views, the mask (white shadow) is overlaid onto the reconstruction. The misalignment 

is noticeable. On the left, the Markups module is displayed. 

 

The required geometrical transformation for the registration of the two volumes is 

computed in the Fiducial Registration Module. The point cloud belonging to recoini is 

considered fixed points, while the mask points are considered the moving ones, as the 

purpose is to align the mask to the reconstruction. The success of the alignment is 

evaluated quantitatively on the Root Mean Square Error (RMSE): if the RMSE is higher 

than 2 mm, it is recommended to review the location of the markers. A successful 

alignment is displayed in Fig. 3.12. 

 

 

Fig. 3.12 Successful fiducial registration output between recoini and mask in 3D Slicer. In the 3D view, the 

yellow points correspond to the mask ones, and the red points to the reconstruction ones. In the slice views, 

the mask is the white shadow overlaid onto the reconstruction. 
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The registered mask, maskreg, is saved after applying the transformation permanently to 

the resulting volume in the Resample Scalar/Vector/DWI Volume module. 

Once the mask is located in the FOV of the X-Ray system, it will be used to simulate the 

projections with calibini and detect the differences with respect to projini, to correct for the 

changes in geometry. In this case, taking advantage of the presence of the markers, it is 

proposed to project only the registered markers of the mask, for their posterior alignment 

with the markers on projini. 

For that purpose, an empty volume (full of zeros) with the exact dimensions of recoini is 

created in Matlab. Then, in the positions of the registered point clouds belonging to the 

mask, the markers are placed taken into account their known size and shape. These 

markers are assigned value one, so that the resulting volume is a 3D mask (binary volume 

in which the markers belong to the foreground). In the scheme of Fig. 3.9, this volume is 

called markersmaskreg . It is shown in Fig. 3.13-A.  

Since 3D Slicer works in the anatomical coordinate system RAS (Right, Anterior, 

Superior), which describes position in terms of the three anatomical planes (axial, sagittal, 

coronal), while Matlab works in the image coordinate system, which indicates position 

in terms of the voxel number, the coordinates of the registered markers of the mask are 

converted into the Matlab coordinate system before the creation of markersmaskreg. This is 

done with the aid of the functions of the MatlabBrige extension of 3D Slicer. 

Next, projections of markersmaskreg, (projmarkers_maskreg), are simulated with calibini using 

FUX-sim (Fig. 3.13-B). 

 

 

Fig. 3.13. A: 3D view of markersmarkreg in 3D Slicer. B: projection of markersmarkreg (projmarkers_maskreg) 

 

Markers in projini are automatically detected by an algorithm based on the circular Hough 

transform in Matlab. Taking into account the centre coordinates of the detected markers 

and its known radius, a new set of projections is created with only the markers on the 

initial projections (projmarkers_ini). Fig. 3.14 shows this process. 
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Fig. 3.14 Automatic detection of markers in projini (left) and creation of a new set of projections with only 

the markers, projmarkers_ini (right). 

 

Once the two set of projections with only the markers have been created, the point clouds 

corresponding to projmarkers_maskreg are aligned to the point clouds of projmarkers_ini (Fig. 3.9 

B) by a similarity transformation (translation, rotation and scaling). This step is analogous 

to the 2D registration between the simulated mask projections, projmask, and projini. It is 

implemented in Matlab with the aid of the Image Processing Toolbox. The output 

example of a successful registration is illustrated in Fig. 3.15. 

It is recommended to check visually the success of these alignments, not only by applying 

the geometrical transformation to projmarkers_maskreg, but also to maskreg, to verify the 

registration algorithm has not introduced any transformation which aligns both point sets 

but moves crazily the mask leading to a wrong registration (Fig. 3.16). 

 

  

Fig. 3.15 Successful registration. A-left: non-registered points clouds (the green one corresponds to 

projmarkers_ini and the magenta one to projmarkers_maskreg). A-right: registered point clouds. B-left: overlay of 

the non-registered mask (magenta) of a foot phantom onto projini (green). B-right: overlay of the registered 

mask onto projini (green). 
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Fig. 3.16 Non-successful registration. A-left: non-registered points clouds (the green one corresponds to 

projmarkers_ini and the magenta one to projmarkers_maskreg). A-right: registered point clouds. B-left: overlay of 

the non-registered mask (magenta) of a foot phantom onto projini (green). B-right: overlay of the registered 

mask onto projini (green). 

 

The resulting transformation matrices obtained from the 2D registration take as origin the 

centre of the detector and its translation parameters (tx and ty), angle of rotation (α) and 

scaling factor (s) are used to correct the horizontal offset (Δhoriginal), vertical offset 

(Δvoriginal) and angle of rotation (Skeworiginal) in the detector plane, and the distance 

between the detector and the object (DDOoriginal), which affects the magnification factor 

(MForiginal). 

 

The equations for the refinement of the detector misalignments are the following: 

 

 UOffsetcorrected = UOffsetoriginal + tx   

 

  (2.1) 

 VOffsetcorrected = VOffsetoriginal + ty 

 

(2.2) 

 Skewcorrected = Skeworiginal - α (2.3) 

 

For the correction of the magnification factor, taking into account: 

 

 
MForiginal = 1 +  

DODoriginal

DSOoriginal

 

 

(2.4) 

 MFdesired = MForiginal+(s-1) (2.5) 

 

DSOoriginal is decided to be kept, and DDOoriginal is modified in order to get MFdesired.. This 

is an approximation, as both DSO and DDO change between acquisition rounds altering 

MF. As the target effect to be corrected in the X-Ray projections is the magnification, 

although distances are not assigned their real value with this approximation, the relation 

between them is the desired one. 
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MFdesired  = 1 +  

DODcorrected

DSOoriginal

 

 

(2.6) 

 DDOcorrected = (MF
desired

 - 1) × DSOoriginal    (2.7) 

 

The output of this step is the corrected geometrical calibration, calibfin. An additional 

reconstruction with the FDK-based algorithm can be computed with calibfin to verify 

visually the success of the previous process based on a better definition of the edges. A 

lack of improvement in the definition of the image would indicate a failure in the 

calibration refinement and the need of revision of the anterior steps. Fig. 3.17 shows an 

example of the quality improvement for a central axial slice of a hand phantom, where it 

is appreciated that diffusion at the contours of the finger bones and hand is reduced. 

 

  

Fig. 3.17 On the left, FDK-based reconstruction with calibini (recoini). On the right, FDK-based 

reconstruction with calibfin. 

 

3.1.4.  Limited data reconstruction 

 

The final reconstruction, recofin, with the corrected calibration file, calibfin, and the initial 

projections, projini, is performed by the Surface-Constrained Method for Limited Data 

tomography (SCoLD) [4], an iterative reconstruction algorithm which imposes as 

constraint the belonging of the solution to the subspace defined by the registered surface 

mask, maskreg. It is based on the minimization of the total variation function (TV). It 

includes other constraints such as the non-negativity of the solution and the difference 

between the estimation and the real data to be lower than the intrinsic noise. Its 

mathematical formulation is:  

 

 min
u

TV(u)  s.t.‖Au-f‖2
2<ξ, ≥0, u ϵ Ωs                                         (2.8) 
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where u is the reconstructed image, A is the system matrix, f is the acquisition data, ξ is 

the image noise and Ω𝑠 corresponds to the surface support. This mathematical problem 

is solved using the Split Bregman formulation [14]. 

Parameters of the method affecting the different constraints must be adjusted to obtain a 

proper solution. The most important ones are: the data fidelity constraint weight, μ; the 

total variation assumption weight, λ, which affects the smoothness of the resulting image; 

the surface subspace constraint weight, γ, and the number of iterations, k, which must be 

large enough to assure convergence. 

The constraint of the surface model defines the object contour removing the diffused 

edges. The white streaks are eliminated too. Fig. 3.18 shows an axial central slice of a 

hand phantom of the initial reconstruction, recoini; the final reconstruction, recofin, 

obtained with SCoLD, in which the quality improvement can be visually appreciated; and 

a CT reconstruction, which is the gold standard. 

 
 

 

Fig. 3.18 From left to right: axial central slice of recoini , recofin (SCoLD parameters µ=25, λ=3, γ=0.001, 

k=60) and CT of a hand phantom. 

 

3.2. Evaluation 

 

The proposed method was evaluated using a PBU-60 anthropomorphic phantom (Kyoto 

Kagaku Co., Kyoto, Japan). The whole body phantom is shown in Fig. 3.19.  

 

 

Fig. 3.19 Whole body PBU-60 phantom (Kyoto Kagaku Co., Kyoto, Japan).  
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We used a thorax and a limb study for the evaluation. Both structures were acquired in a 

Toshiba Aquilion/LB helical scanner in the Gregorio Marañón Hospital. The 

reconstructed CT volumes were used for the simulation and as reference for the quality 

evaluation of the final reconstructions obtained with the proposed protocol. The 

specifications of these CT volumes are: 410×310×300 matrix size with isotropic voxel 

size 0.931mm in the case of the thorax, and 512×512×364 matrix size with isotropic voxel 

size 0.625mm for the foot study. 

The calibration refinement was used following the workflow in Fig. 3.9, in which both 

3D and 2D registrations are performed with the aid of markers. 

Initial and final reconstructions were generated with Mangoose [11-12] and SCoLD [4] 

respectively, with the same dimensions and voxel size as their CT reconstructions. 

Parameters used for SCoLD were: μ= 15, λ= 2, γ= 0.1 and 70 iterations.   

 

3.2.1. Simulated data 

 

The thorax CT was used to generate simulated data. Three circular markers of radius 3.7 

mm and density of 3 g/cm3 (higher than bone to be easily visible on the X-Ray image) 

were located on its surface at distant positions in Matlab. Projections of this CT were 

simulated using FUX-sim [13] based on the geometry of a real in-house developed C-

arm. The parameters of the acquisition geometry were 170-degree angular span, 1-degree 

angular step, distance between source and object of 751 mm, distance between object and 

detector of 273 mm, and no geometrical misalignments. The size of the simulated 

projections (projini) was 643×528 pixels, with a pixel size of 0.8 mm.  

The surface mask was simulated from the CT by morphological operations (Otsu 

thresholding and hole filling) in Matlab. This thorax data is illustrated in Fig. 3.20.  

 

 

Fig. 3.20 A projection of the thorax (left), CT central axial slice, in which a marker can be distinguished at 

the bottom right of the image (center) and mask central axial slice (right). 

 

To simulate the inaccurate calibration file coming from the system (calibini), the 

geometrical calibration used to obtain the CT projections was modified by assigning a 

random number between -5 and 5 to the vertical and horizontal offset in millimetres and 
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to the skew values in degrees, and summing a random number between -50 mm and 50 

mm to the distances. 

 

3.2.2. Real data 

 

The proposed method was also evaluated using real data from the acquisition of the foot 

of the PBU-60 phantom in an in-house built C-arm prototype based on the flat panel 

detector XRpad 4336 (PerkinElmer Inc., US). Source parameters were 125 kVp, 0.8 mAs, 

and a distance between source and detector of 125 cm. Four spherical ceramic-based 

markers, with a diameter of 4mm, were placed on the foot of the PBU-60 

anthropomorphic phantom before the image acquisition. 49 projections were obtained 

within an angular span of 120 degrees, with pixel size of 0.4 mm and matrix size of 

889×1080.  

The surface model was acquired with the structured-light 3D scanner, the 3DArtecEva 

(Artec3D, Luxembourg). The reasons for choosing this kind of surface scanner are 

explained in [15]. Both data are shown in Fig. 3.21. 

 

 

Fig. 3.21 A projection of the foot (left) and a view of its surface model in 3D Slicer (right) 

 

The initial calibration file (calibini) was obtained following the methodology of Cho et. 

al.[10]. The specific details are present in the geometric calibration chapter of [9]. 
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4. RESULTS 

 

Fig. 4.1 shows an axial central slice of the reconstructions computed with the FDK-based 

method before and after the refinement of the geometrical calibration for both simulated 

(top) and real data (bottom). In the images reconstructed with the refined geometrical 

calibration, we can see a better definition of the edges. Nevertheless, there are areas of 

diffused contours and some streaks because of the low angular span and low number of 

projections, as expected. 

 

  

Fig. 4.1 Central axial slice of the thorax initial FDK-based reconstruction, recoini (left up), and corrected 

FDK-based reconstruction (right up). Same set of images for the foot in the second row. Blue arrows point 

to diffused contours. 

 

Fig. 4.2 shows the final reconstruction with SCoLD (recofin) and the CT volume for the 

simulated data (top) and real data (bottom). SCoLD enables the suppression of the streak 

artifacts and the recovery of the diffused contours thanks to the surface constraint. These 

final reconstructions are visually close to the CT ones and took two hours because of the 

high number of iterations (no effort on optimization was made).  
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Fig. 4.2 Central axial slice of the thorax final reconstruction (left up) and CT (right up). Central axial slice 

of the foot final reconstruction (left down) and CT (right down). 

 

Fig. 4.3 shows the geometrical calibration parameters in the thorax simulation of the 

correct geometrical calibration, in green; the simulated incorrect system geometrical 

calibration (calibini), in red; and the corrected system geometrical calibration after the 

calibration refinement process (calibfin), in blue. We can see that even though the exact 

values of the correct parameters are not recovered, the randomness of the values is 

reduced and the tendency of the values matches, in all parameters except the horizontal 

offset, the direction of the real ones. These values showed to be good to obtain accurate 

images, suggesting that there are different combinations of geometrical parameters that 

result in the same geometry.   
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Fig. 4.3 Real, incorrect and corrected geometrical calibration parameters in the case of the thorax simulation, 

in green, red and blue respectively. 
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5. DISCUSSION AND FUTURE WORK 

 

This work presents a complete protocol for performing low-dose tomography with a non-

motorized C-Arm system, designed for planar imaging. The exploitation of the surface 

sample information allows correcting for the main geometrical calibration parameters and 

performing an advanced iterative reconstruction method, which improves considerably 

the quality of the reconstruction.  

The placement of markers on the sample, enabling point-based registrations, has proved 

to be a feasible alternative for those cases where intensity-based registration outputs are 

incorrect due to highly distorted initial FDK reconstructions, presence of truncation 

artifacts and/or samples without a characteristic shape. Intensity-based registration is 

preferred due to its entire automaticity.  

The acquisition of the surface was done with a 3D structured light scanner, which is a fast 

and easy way to measure the three-dimensional shape of an object, but provides the real 

surface of the sample only if the target regions can be directly reached by the light emitted 

from the device. In surgery, for example, patients may be covered by cloaks for sanitary 

purposes, and the 3D light scanner would not provide the real surface of the patient. If the 

cloak material satisfies specific spectral conditions, the patient surface could be analysed 

without removing the cloak, using thermal imaging.  

The long time for SCoLD reconstructions could be optimized with a better selection of 

its parameters to achieve a faster convergence and the use of high-performance 

workstations with multi-GPU architecture. This would allow its use in particular 

scenarios where the acquisition of real time images is imperative, as in image-guided 

surgery. 

Further tests should be carried out with real data in order to properly evaluate this 

methodology with complex structures and study its viability with truncated projections. 

Special care must be taken with the position of the markers to verify they are easily 

detected in the projections, since the presence of the spine can difficult the automatic 

identification of them. The successful results for the simulation show the robustness of 

the protocol. The values of a real system geometrical calibration do not change so 

randomly as in our simulated incorrect one, but tend to follow some trend. 

The presented results show the viability of the proposal which, if some day implemented, 

would benefit patients with a better diagnosis and intervention due to the availability of 

tomographic information in those high-risk scenarios where it is absent, such as surgery 

and the ICU. The economic advantage of using a C-Arm over a CT scan could imply that, 

in those hospitals in developing countries where a CT scan is unaffordable, tomographic 

information is present due to the affordability of standard C-Arms. Moreover, the patients 

receive less than half the radiation dose of a conventional CT test, which is better for their 

health. Finally, other portable X-Ray medical systems intended to planar imaging could 

also benefit from this procedure.  
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6. SOCIOECONOMIC ENVIRONMENT 

 

6.1. Socioeconomic impact 

 

The implementation of the proposed protocol in the clinics, enabling the use of a C-Arm 

for the acquisition of tomographic images, would  improve the provided health assistance 

due to the availability of additional information for better diagnose and/or treatment of 

patients in high-risk scenarios. The need of additional exams is reduced because of the 

increase in image information. Moreover, by the presented protocol, the radiation dose 

received by the patient is less than half the radiation used in a CT scan, reducing the risks 

associated with ionizing radiation. 

This would enhance the perception of the health system by the patients and would reduce 

the expenses in public health, because of the decrease in the amount of tests and shorter 

stays of patients in hospitals due to more efficient surgery and accurate diagnosis.  

In low-resource hospitals of rural areas or developing countries, where a CT scan is absent 

due to cost issues, tomographic image could be available with a less expensive system, a 

conventional C-Arm. This same system can be used for planar imaging, providing a 

multifunctionality that would not only save expenses but also space. 

 

6.2.  Project management 

 

The estimated time and expenses for the development of this project are presented. 

 

6.2.1. Personnel cost 

 

The research engineer assists the biomedical engineer and the project coordinator 

supervises the project. The total cost is analysed in the table below: 

 

TABLE 6.1 PERSONNEL COST BREAKDOWN 

Role Invested time 

(hours) 

Wage/hour (€) Cost (€) 

 

Biomedical 

Engineer 

650 20  13000  

Research Engineer 200 30 6000 

Project Coordinator 150 40 6000 

  TOTAL: 25000 
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6.2.2. Material costs 

 

Five years of depreciation is considered for the computation of equipment cost in the table 

below: 

 

TABLE 6.2 MATERIAL COST BREAKDOWN 

Material: Unit cost (€) Cost/year (€) Time of use Cost (€) 

Personal computer 1.000 200 6 months 100 

GPU 192 38.4 6 months 19.2 

Matlab 

programming 

language license 

 800 6 months 400 

Artec Eva 3D 

Scanner 

15.000 3.000 1 month 250 

PBU-60 phantom 30.000 6.000 1 month 500 

Skin markers (3) 50 10 1 month 2.5 

   TOTAL: 1271.7 

 

 

6.2.3. Service cost 

 

Service cost includes the expenses related with the image acquisition with a C-Arm and 

a CT scanner. 

 

TABLE 6.3 SERVICE COST BREAKDOWN 

Service Cost/hour (€) Time of use Cost (€) 

C-Arm at 

SEDECAL 

100 10 1000 

Toshiba Aquilion/ 

LB helical scanner 

at HGGM 

150 10 1500 

X-ray Technician 17 10 170 

  TOTAL: 2670 
 

 

6.2.4. Attendance to Congreso Anual de la Sociedad Española de Ingeniería 

Biomédica (CASEIB) cost 

 

The attendance to CASEIB 2019, which will be celebrated at the end of November in 

Santander, in order to present this work, implies expenses on transportation, 

accommodation and registration fee. 
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TABLE 6.4 ATTENDANCE TO CASEIB 2019 COST BREAKDOWN 

Concept: Cost (€): 

Transportation 60 

Accommodation 112.5 

Registration fee 260 

TOTAL: 432.5 
 

 

6.2.5. Indirect cost 

 

It is considered to be 15 % of the previously stated cost, according to the legislation of 

(IiSGM). Being the sum of the costs 29374.2 €, indirect cost is 0.15×29.374.2 = 4.406.13 

€. 

 

6.2.6. Total cost 

 

It is the sum of the previous expenses. 

 

TABLE 6.5 TOTAL COST BREAKDOWN 

Concept: Cost (€): 

Personnel 25.000 

Material 1271.7 

Service 2670 

Attendance to CASEIB 2019 432.5 

Indirect cost 4406.13 

TOTAL: 33780.33 
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8. GLOSSARY 

 

BiiG  Biomedical Imaging and Instrumentation Group  

CASEIB  Congreso Anual de la Sociedad Española de Ingeniería 

Biomédica  

CT  Computed Tomography  

DOD Detector-Object Distance 

FBP  Filtered Back Projection  

FDK  Feldkamp, Davis and Kress cone beam FBP 

reconstruction  

FOV Field of view 

FT Fourier Transform 

GPU  Graphic Processing Unit  

HGUGM Hospital General Universitario Gregorio Marañón 

ICU  Intensive Care Unit  

IiSGM Instituto de Investigación Sanitaria Gregorio Marañón 

LPS Left Posterior Superior 

MI Mutual Information 

PET Positron Emission Tomography 

RAS Right Anterior Superior 

RMSE Root Mean Square Error 

SCoLD  Surface Constrained method for Limited-Data 

Tomography  

SDD Sum of Squared Differences 

SOD  Source-Object Distance  

TV  Total Variation  
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9. APPENDIX 

 

A. SCIENTIFIC PUBLICATIONS DERIVED FROM THIS THESIS. 

 

C. Rivero, M. Desco, M. Abella. Portable Tomography with a conventional C-Arm 

system. Work submitted to Congreso Anual de la Sociedad Española de Ingeniería 

Biomédica, Santander, 2019. 

A. Piol, E. Fernández, P. Moreno, C. Rivero, M. Desco, M. Abella. Surface reconstruction 

through thermal images to use it as prior information in iterative reconstruction 

algorithms. Work submitted to Congreso Anual de la Sociedad Española de Ingeniería 

Biomédica, Santander, 2019. 
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