
 

 

 

 

 

 

 

 

 

 

 

ΔΙΑΤΜΗΜΑΤΙΚΟ ΠΡΟΓΡΑΜΜΑ ΜΕΤΑΠΤΥΧΙΑΚΩΝ ΣΠΟΥΔΩΝ 

ΣΤΗΝ ΙΑΤΡΙΚΗ ΦΥΣΙΚΗ-ΑΚΤΙΝΟΦΥΣΙΚΗ 

 

Διπλωματική εργασία: 

ΔΟΣΗ ΧΕΙΡΙΣΤΗ ΣΤΗΝ ΕΠΕΜΒΑΤΙΚΗ ΡΑΔΙΟΛΟΓΙΑ ΜΕ ΒΑΣΗ ΤΟ 

ΜΕΓΕΘΟΣ ΤΟΥ ΑΣΘΕΝΗ: ΜΕΛΕΤΗ ΜΕ ΠΡΟΣΟΜΟΙΩΜΑ 

 

 

ΚΟΥΤΡΟΥΜΠΑ Γ. ΑΘΗΝΑ 

 

 

 

 

 

  

 

ΠΑΤΡΑ 2020 

 



1 
 

 

 

 

 

 

 

 

 

 

 

 

INTERDEPARTMENTAL PROGRAM OF POSTGRADUATE 

STUDIES IN MEDICAL PHYSICS-RADIATION PHYSICS  

 

MASTER THESIS: 

OPERATOR DOSE AND PATIENT SIZE IN INTERVENTIONAL 

RAGIOLOGY: A PHANTOM STUDY 

 

 

KOUTROYMPA G. ATHINA 

 

 

 

 

  

 

PATRA 2020 

  



2 
 

ΕΠΙΒΛΕΠΩΝ ΚΑΘΗΓΗΤΗΣ 

Παναγιωτάκης Γεώργιος , Καθηγητής Ιατρικής Φυσικής 

 

ΤΡΙΜΕΛΗΣ ΕΞΕΤΑΣΤΙΚΗ ΕΠΙΤΡΟΠΗ 

Παναγιωτάκης Γεώργιος , Καθηγητής Ιατρικής Φυσικής 

Κωσταρίδου Ελένη, Καθηγήτρια Ιατρικής Φυσικής 

Καγκάδης Γεώργιος, Καθηγητής Ιατρικής Φυσικής- Ιατρικής Πληροφορικής 

 

 

 

 

SUPERVISOR 

Panayiotakis George, Professor of Medical Physics 

THREE MEMBER EXAMINATION COMMITTEE 

Panayiotakis George, Professor of Medical Physics 

Costaridou Lena, Professor of Medical Physics  

Kagadis George, Professor of Medical Physics -Medical Informatics 

 

 

 

 

 

 



3 
 

Acknowledgments  

I would like to express my thanks to the people who have helped me most throughout 

my project. I am grateful to my teacher, Panayiotakis George for his consistent support 

for the present study and for giving me the opportunity to carry out this thesis with 

his valuable advice. 

A special thank goes to Medical physicist, Christos Dimitroukas for his succor, during 

the execution of the experimental part of the thesis and his advice after the 

completion of the experiment.  

I would also like to express my very great appreciation to Medical Physicist, Xaris Delis 

for his patient guidance, enthusiastic encouragement and useful critiques of this work.  

I would also like to thank my parents for their personal support, who inspired me to 

go my own way. Last but not the least I wish to thank my siblings and friends who 

treasured me for my hard work and encouraged me all along the process.  

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

 

Table of Contents  

Περίληψη ............................................................................................................................. 6 

Abstract ................................................................................................................................ 7 

Introduction........................................................................................................................ 13 

Chapter 1 – Theoretical Part................................................................................................... 14 

1.1.1 Interventional Radiology (IR) ..................................................................................... 14 

1.1.2 A brief history of interventional radiology ................................................................. 15 

1.1.3 Staff exposed to radiation at an interventional radiology ......................................... 15 

1.1.4 Health Risks in Interventional Radiology ................................................................... 16 

1.2.1Radiation .................................................................................................................... 18 

1.2.2 Ionizing Radiation ...................................................................................................... 18 

1.2.3 X-rays ......................................................................................................................... 19 

1.2.4 The physic procedures which create X-Rays .............................................................. 19 

1.2.5 The production of X-Rays........................................................................................... 19 

1.2.6 Characteristic X-ray emission..................................................................................... 20 

1.2.7 Bremsstrahlung ......................................................................................................... 21 

1.2.8 The X-ray spectrum.................................................................................................... 22 

1.3.1 Medical Physics ......................................................................................................... 23 

1.3.2Photoelectric effect .................................................................................................... 23 

1.3.3Coherent (Rayleigh) scattering ................................................................................... 24 

1.3.4 Incoherent scattering – Compton Effect .................................................................... 24 

1.4.1 Effects of interaction with ionizing radiation ............................................................. 26 

1.4.2 Deterministic Effects.................................................................................................. 26 

1.4.3 The stochastic effects ................................................................................................ 27 

1.4.4 Differences between Deterministic and Stochastic effects ....................................... 28 

1.4.5 Radiosensitivity .......................................................................................................... 28 

Chapter 2 – Dosimetry............................................................................................................ 29 

2.1 Fluence ......................................................................................................................... 29 

2.2 Energy fluence .............................................................................................................. 30 

2.3 Kerma ........................................................................................................................... 30 

2.4 Absorbed Dose ............................................................................................................. 30 

2.5 Kerma and absorbed dose ............................................................................................ 31 

2.6 Dosimetric quantities for interventional radiology ....................................................... 31 

2.6.1 Entrance Surface Air Kerma( ESAK)............................................................................ 31 



5 
 

2.6.2Kerma Area Product (KAP) .......................................................................................... 31 

2.6.3Equivalent dose (H) .................................................................................................... 32 

2.6.4 Effective dose (E) ....................................................................................................... 33 

Chapter 3-Radiation Protection .............................................................................................. 34 

3.1 Fundamental Principles of Radiation Protection .......................................................... 34 

3.2 Rules of Reducing Radiation Dose ................................................................................ 35 

3.3 Categories of exposure ................................................................................................. 36 

3.4 Diagnostic Reference Levels (D.R.Ls) ............................................................................ 37 

3.5 Dose Constraint Levels (D.C.Ls)..................................................................................... 37 

3.6 Dose limits .................................................................................................................... 37 

3.7 The exposure of pregnant workers ............................................................................... 38 

3.8 Interventional radiology protection.............................................................................. 39 

Chapter 4- Materials and Method .......................................................................................... 41 

4.1 Fluoroscopy equipment ................................................................................................ 42 

4.2 The phantom ................................................................................................................ 43 

4.3 The ion Chamber .......................................................................................................... 43 

4.4 The geometry of the method. ...................................................................................... 44 

4.5 Evaluation of X-Ray beam ............................................................................................. 44 

Chapter 5 ................................................................................................................................ 46 

5.1 The measurements ....................................................................................................... 46 

5.2 Effect of phantom thickness ......................................................................................... 47 

5.3 Effect of tube voltage ................................................................................................... 51 

5.4 Effect of scatter angle ................................................................................................... 58 

5.5 Dose rate based on the standing position behind the image intensifier. ..................... 65 

5.6 Discuss .......................................................................................................................... 66 

5.7 Measurements Errors ................................................................................................... 67 

5.8 Future Perspectives ...................................................................................................... 67 

 

 

 

 



6 
 

Περίληψη 

Ο σκοπός αυτής της διπλωματικής ήταν να ερευνήσει πως η διάχυση της 

σκεδαζόμενης ακτινοβολίας επηρεάζεται από το μέγεθος του ασθενή στη επεμβατική 

ραδιολογία  και κατά συνέπεια πως θα επηρεαστεί και ο ρυθμός δόσης που θα 

δέχεται ο χειριστής. Κατά την διεκπεραίωση του πειραματικού μέρους της παρούσας 

διπλωματικής το μέγεθος του ασθενή προσομοιώθηκε με τη βοήθεια πλακών PMMA 

(μετακυλικό πολυμέθυλο), οι οποίες ακτινοβολούνταν με τη βοήθεια ενός 

συστήματος C-arm (Philips BV Endura). Οι ρυθμοί δόσεις από τη δευτερογενή 

ακτινοβολία και την ακτινοβολία διαρροής μετρήθηκε με ένα θάλαμο ιονισμού  στον 

οποίο δεν παρεμβλήθηκε καμία ακτινοπροστασία  και ο οποίος τοποθετήθηκε σε 

σημεία του χώρου  οπού είναι πιο πιθανό να εργαστεί ο γιατρός ή οποιοσδήποτε από 

το ιατρικό προσωπικό  κατά τη διάρκεια μιας διαδικασίας στην επεμβατική 

ραδιολογία. Η γεωμετρία που χρησιμοποιήθηκε ήταν η λυχνία ακτινών Χ να είναι 

κάτω από την κλίνη και ο ενισχυτής εικόνας πάνω από το ομοίωμα. Με την συλλογή 

όλων των δεδομένων , συμπεραίνουμε ότι με την αύξηση του μεγέθους του ασθενή 

αυξάνεται ο ρυθμός δόσης που φθάνει στον χειριστή. Οι μεγαλύτερες τιμές ρυθμού 

δόσης παρατηρήθηκαν στα 50εκ ύψος από το δάπεδο. Σε αυτό το ύψος δεν υπήρξαν 

σημαντικές αλλαγές στο ρυθμό δόσης σε συνάρτηση με την αύξηση του πάχους του 

ομοιώματος.  
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Abstract  

The aim of this thesis was to investigate how the formation of secondary radiation is 

influenced by the patient’s size in interventional radiology and how the operator 

should behave in order to reduce the accumulated dose that receives. For this 

purpose, the patient size is simulated by slabs of PMMA, which are irradiated by a 

fluoroscopy C-arm system (Philips BV Endura). The dose rates of secondary and 

leakage radiation were recorded with the assist of an ion chamber, without radiation 

protection above it and which were positioned in the most convenient spatial points, 

where the operator and the other medical staff can be during an interventional X-ray 

procedure. The geometry that was used was the X-ray source under the hospital bed 

and the intensifier over the phantom.  After the concentration of all documents, what 

came as a conclusion was that as the patient/phantom size increased, the dose rate 

to the operator also increased. The highest values of dose rate were observed at the 

measured height of 50cm at which height there were no significant changes in the 

dose rate depending on the phantom size. 
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Introduction 

Interventional radiology is a rapidly growing area of medicine. Interventional radiology 

procedures are an advance in medicine that often replaces open surgical procedures. 

They are generally easier for the patient because they involve no large incisions, less 

risk, less pain, and shorter recovery times. Interventional radiologists use X-rays to 

guide small instruments such as catheters through the blood vessels or other 

pathways to treat disease through laparoscopic operations. These procedures are 

typically much less invasive and much less costly than traditional surgery. 

Nevertheless, these procedures require high doses to the patients and subsequently 

the medical staff who is involved in the process receives an estimated part of the 

radiation. Studies have shown that there is an increase in the percentage of eye lens 

cataract, thyroid cancer, and brain tumors in interventional radiologists/operator. 

Operators receive higher amounts of dose than other medical staff, as they are 

required to stay close to the patient for a long time as these procedures are very 

complicated and they are exposed to radiation on a daily basis throughout their 

professional career. The operator’s dose mostly comes because of the interaction of 

the primary radiation with the patient’s body. So, the scatter radiation that an 

operator receives is not uniform and depends on many factors such as the patient’s 

size, the tube voltage, the operator’s distance from the central axis of the beam etc. 

There is a vast amount of bibliography referring to how the isodoses curves for scatter 

radiation is formed in conjunction with the beam filtration, the patient’s position etc. 

In the present thesis an effort is being made to investigate how the patient’s size 

affects distribution of secondary radiation and furthermore how the operator could 

be more cautious with radiation and take more effective radiation protection.   
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Chapter 1 – Theoretical Part 
 

1.1.1 Interventional Radiology (IR) 
Interventional radiology is a medical procedure which provides a trustworthy image 

guide and gives the opportunity to have a diagnosis or treatment of disease without 

surgery. As medical technique has developed the last decades and has reduce the 

mortality rate as the classic surgery avoid. The negative impacts for this technique 

created by the ionizing radiation both patient and operator. As knowledge and 

experience conquered this negative impact can be restricted.  

In interventional radiology the x-ray imaging which is used is fluoroscopy. The 

difference between fluoroscopy and other methods of medical imaging with X-ray 

(computed tomography and radiography) is that patient is exposed to a continuous 

source of X-rays. Image   is displayed on a monitor, allowing a real time observation. 

Instead of film, the detector is an image intensifier fluorescent screen that converts 

the x-ray energy into light. The light output is then either distributed to a closed-circuit 

video system or cinematography recording image.  

Interventional radiology is used in a wide variety of examinations and procedures to 

diagnose or treat patients such as: 

 • Percutaneous transluminal angioplasty (coronary and other vessels) 

 • Radiofrequency cardiac catheter ablation 

 • Vascular embolization  

 • Stent and filter replacement 

 • Thrombolytic and firbrinolytic procedures 

 • Percutaneous transhepatic cholangiography  

 • Endoscopic retrograde cholangiopancratography 

 • Transjugular intrahepatic portosystemic shunt 

 • Percurtaneous nephrostomy 

 • Biliary drainage 

 • Urinary/biliary stone removal 
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1.1.2 A brief history of interventional radiology 
 

At 1960s Charles Dotter conceived the idea of interventional radiology and spoke 

officially about it on June 19, 1963 at the Czechoslovak Radiological Congress in 

Karlovy Vary. Before, at 1950 Dotter had developed an automatic X-Ray Roll film 

capable to produce 2 images pes second. Dotter’s statement in the early 1960s was 

“The angiographic catheter can be more than a tool for passive means for diagnostic 

observation, use imagination, it can be an important surgical instrument”. Officially 

the interventional radiology was born on January 16, 1964 when Dotter 

percutaneously dilated a tight, localized stenosis of the superficial femoral artery in 

an 82-year old woman with painful ischemia and gangrene who refused leg 

amputation. The artery stayed open 2,5 year later, until woman’s death from 

pneumonia. 

Dotter called himself “body plumber” and his technique “percutaneous transluminal 

angioplasty”. The term interventional radiology firstly used by Alexander Margulis in 

his editorial in the March 1967 at the American Journal of Roentgeonology. Until to 

the mid-1980s with the develop of new devices and techniques such as stents, 

Interventional Radiology began to use for Vascular occlusions and shunts and treating 

tumors. Applications also used from the vascular system to pulmonary, biliary, 

gastrointestinal, genitourinary and central nervous system. Nowadays Interventional 

Radiology is applied in the diagnosis and treatment of many diseases on the internal 

organs like the pancreas, liver, kidney, spinal cord, Fallopian tubes, esophagus and 

other organs. 

(Baum & Baum, 2014) 

 

1.1.3 Staff exposed to radiation at an interventional radiology 
In interventional radiology and during surgery they occupationally exposed are 

radiological medical practitioners who may be radiologists, vascular surgeons, 

orthopedic surgeons, neurosurgeons, urologists etc., medical radiation technologists, 

nurses and technicians who monitor the procedure. 
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 (IAEA Safety Standards for protecting people and the environment Specific Safety 

Guide No. SSG-46 Radiation Protection and Safety in Medical Uses of Ionizing 

Radiation, n.d.) 

 

1.1.4 Health Risks in Interventional Radiology 
 Researches have proved that workers with fluoroscopy guided procedures have high 

risk of several health problems. The mostly occurred are orthopedic illnesses, cataract, 

skin lesions and cancers. Also, findings showed that work ionizing radiation is relevant 

with anxiety/depression, hypertension and hypercholesterolemia. The orthopedic 

illness is relative with the long hours of standing in combination with the heavy lead 

garments. About cataract, eye’s lens is the most radiosensitive and cataract formation 

is the most common illness associated with the interaction with ionizing radiation. 

Recent reports found that there is an increased number of tumors which occurred in 

the side of operator’s brain where is less protective by shielding. Moreover, molecular 

studies prove that interventional cardiologist have doubly increase of chromosomal 

damage in circulating lymphocytes than clinical cardiologists. Finally, research observe 

that staff who exposed in radiation have a six- higher rate of anxiety /depression. This 

may happen due to the high stress in which interventionalist are posed by their work, 

either is a fact that associated with the chronic expose to low doses. Radiation impact 

on hippocampal neurogenesis and neuronal plasticity with negative effects on mood 

stability and psychiatric morbidity. 

Indicatively, referred a demographic research, which published on Circulation: 

Cardiovascular Interventions (free access article) in April 2016.The research was 

conducted on workers at Italian interventional cardiology and electrophysiology 

laboratories and compared with unexposed personnel. From 746 questionnaires the 

466 were answered by exposed staff (working for a median of 10 years) such as 

cardiologists, nurses and technicians. The rest of them were concerned about 

nonexposed staff. The conclusion of the research was that health problems such as 

cataract, are more frequently observed in workers performing fluoroscopically guided 

cardiovascular procedures than unexposed personnel.  
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(Andreassi et al., 2016)  

 

 

 

 

 

 

 

 

 

 

 

Table 1:Prevalence of health problems among personnel staff performing fluoroscopically guided 
cardiovascular procedures stratified by job position. 
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1.2.1Radiation 
In physics, with the term radiation we mean the energy which is transmitted or 

emitted in the form of waves or particles in a medium or space. Radiation can be 

divided into electromagnetic (as visible light, infrared, ultraviolet, X-Rays and 

gamma rays) or particulate radiation (electrons, positrons, protons and neutrons). 

 (Dance, Christofides, Maidment, Mclean, & Ng, n.d.) 

                        

1.2.2 Ionizing Radiation 
With the term ionizing radiation, we define the energy which is suitable to detach 

electrons from atoms or molecules and ionize them. The ionizing radiation includes 

gamma rays, X-rays, alpha particles, beta particles and neutrons.  

Ionizing radiation can ionize matter, either directly or indirectly. 

Directly Ionizing radiation: In this situation fast charged particles deposit their energy 

in matter directly, through their interaction, with the orbiting electrons, by Coulomb 

forces.  

Indirectly ionizing radiation: in that case, X or gamma ray photons or neutrons first 

transfer their energy to fast charged particles by one or a few interactions with the 

matter through which they pass. The fast-charged particles in turn deposit their 

energy in the matter.  

(Dance et al., n.d.) 

Figure 1: Comparison of wavelength, frequency and energy for the electromagnetic spectrum. (Credit: NASA's 
Imagine the Universe) 
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1.2.3 X-rays 
X-rays are high-energy electromagnetic wave, with a range of wavelength from 

0.03nm to 3nm. They were discovered by the German scientist Wilhelm Roentgen on 

November 8, 1895 who immediately noticed their medical qualities by taking an image 

of his wife’s hand. His wife claimed that she saw her death. Roentgen was awarded 

for discovering X-Rays with the first Nobel Prize in Physics in 1901.  

(https://en.wikipedia.org/wiki/X-ray) 

1.2.4 The physic procedures which create X-Rays  
The production of X-rays is achieved by the bombardment of a thick material with 

accelerated electrons. These electrons, after many collisions and scattering processes, 

slow down and what come as a result is generation of X-rays by the “bremsstrahlung” 

and “characteristic emission” process. 

1.2.5 The production of X-Rays  
A Vacuum Tube is used to generate X-rays known as X-ray tube. Inside the tube, there 

are two basic components: one filament used as cathode (electron source) and anode 

material(target). The filament is heated by current and electrons are detached by 

matter by thermionic emission. Between anode and cathode material applies high 

voltage, which controls the electrons and leads them to the anode. 

 

 

 

                       

 

 

 

The materials we use for anode are with a high atomic number (Z) as we desire to 

produce as more electrons as we can. Also, materials with high thermal capacity are 

desired as high temperatures develop inside the tube. The most common materials 

Figure 2: Illustration of the internal of an X-ray tube  (Dance et al., n.d.) 
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used as anode material with the above properties are molybdenum (Mo), Rhodium 

(Rh) and Tungsten(W).  

As it is previously mentioned, a high voltage between anode and cathode is applied to 

accelerate the electrons and lead them to the anode. After the collision of electrons 

with anode material, X-rays (photons) are created by two different procedures: 

characteristic X-ray emission and bremsstrahlung. From the kinetic energy of the 

electrons only 1% transforms to X-rays. The rest of an electron’s kinetic energy turns 

into heat.  The maximum energy of the photons is determined by the tube voltage.  

The whole tube is covered internally by filtration usually of 2.5mm Al (aluminum) as 

the leakage radiation of the tube should be minimized. The anode material- target set 

on angle to the tube axis as the beam should be calibrated at the exit window of the 

tube. Anode angles range from 6ο to 22ο depending on the kind of the medical 

purposes.  

The bombarding of the same spot of the target will lead to melting and destruction of 

the anode material so rotating anodes are used in most X-rays tubes.  

 

 

 

 

 

                      

 

 

(Dance et al., n.d.)(https://en.wikipedia.org/wiki/X-ray) 

1.2.6 Characteristic X-ray emission 
Characteristic X-rays are produced when a high energy particle (photon, electrons or 

ions) strike a bound electron of the inner shells of the atom. If the energy of the 

Figure 3: The X-ray tube 
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accelerated particle exceeds the bounding energy of the atom’s electron, the electron 

detaches from the atom and a vacancy is created in its place. Then the vacancy is filled 

by another electron from the outer shell and a second vacancy will be created which 

will also be filled by other outer shells and a cascade procedure will follow. When an 

electron from the outer shell fills the vacancy due to the difference in the bounding 

energies, it is this difference that will generate X-ray emission. X rays emitted are 

known as characteristic X-rays and their energy will be given by the equation: 

 𝐸𝑥−𝑟𝑎𝑦 = 𝐸𝑣𝑎𝑐𝑎𝑛𝑡
𝑠ℎ𝑒𝑙𝑙

− 𝐸𝑜𝑢𝑡𝑒𝑟
𝑠ℎ𝑒𝑙𝑙

 

 

 

 

 

 

 

 

 

 

1.2.7 Bremsstrahlung 
The word bremsstrahlung has German origin, from bremsen which means “brake” and 

strahlung which is “radiation”. So, bremsstrahlung is the radiation which comes as a 

result of the deceleration of the charged particles. To be more specific, when a 

charged particle, in our case, electrons from the cathode, approaches the electric field 

of the nucleus, it decelerates due to the Coulomb force. The rapid decrease of kinetic 

energy of the electron creates X-rays with energy equal to the difference of the initial 

kinetic energy of the electron and the current kinetic energy.  

Figure 4: The Characteristic emission 
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1.2.8 The X-ray spectrum 
Depending on the energy of the electrons, they are slowed down and interact with 

the anode, which as a result we lead to bremsstrahlung and characteristic emission 

process, within a range of few ten micrometers. So, X-rays generate within the target 

and not at the surface of the anode. Moreover, an attenuation of the X-ray beam, 

especially at low energy there is as a result of interaction of the beam with the 

filtration of the tube. Subsequently, the X-ray spectrum has the following formation: 

 

 

 

 

 

 

 

Figure 6: The X-ray Spectrum (https://oncologymedicalphysics.com/wp-content/uploads/2018/09/x-ray-
spectrum.jpg) 

The intermittent line corresponds to the X-ray spectrum which is produced inside the 

tube and the continuous curve which corresponds to the spectrum outside the tube. 

  

                

Figure 5: Bremsstrahlung  
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1.3.1 Medical Physics  
As the basic concept of the composition of a medical image is how the X-ray photons 

interact with matter in this part, we should define some phenomena of Physics. In this 

chapter what is analyzed is the physical processes which take part in the composition 

of an image in medicine are the Photoelectric effect, Compton scattering (incoherent) 

and Rayleigh scattering (coherent). Each phenomenon is dominant depending on the 

energy recommended for the examination. There are other phenomena as well which 

occur at greater values outside the energy range that is used in the formation of a 

medical image that will not be included in this thesis, such as pair and triplet 

production.  

 

1.3.2Photoelectric effect 
 Photoelectric effect occurs when a photon transfers its energy to an electron of the 

atom. The interaction happens with the atom’s electrons which have high binding 

energy that are the electrons of K and L shells. Consequently, photoelectric effect 

occurs when the photon has enough energy(hν) to overcome the binding energy of 

the electron (Es).  

One part of the photon energy is used to overcome the Coulomb’s Force between 

nucleus and electron. The remaining energy is transferred to the electron as kinetic 

energy (T=hν-Es). The probability of photoelectric effect occurrence is greater in 

materials with high atomic number and less in photons with high energies. 

Approximately, the cross section per atom for photoelectric effect is given by the 

formula      𝑍
4

(ℎ𝜈)3⁄  

After this procedure is over, the photon will be absorbed by the matter. As the 

electron detaches from the shell, another electron from an outer shell will fill the gap 

and a cascade procedure will follow. As a result of the energy difference, a 

characteristic X-ray emission or Auger electron will be created and finally the atom 

will be in an ionized state.  
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1.3.3Coherent (Rayleigh) scattering 
 

 In coherent scattering, the photon interacts with the atom’s electrons. During 

coherent scattering, the photon loses not a single part of its energy and scatters 

through an angle. As a result, coherent scattering doesn’t contribute to the 

transportation of energy in the charged particles. The probability Rayleigh scattering 

occurrence is proportional to the square of the atomic number of the matter. More 

specifically, the cross section for coherent scattering is given by the formula: (
𝑍

ℎ𝜈
)2 

 

1.3.4 Incoherent scattering – Compton Effect 
 

In incoherent scattering the photon interacts with a loosely bound electron 

(essentially free) but in this case energy transferred to the electron. In Compton effect 

both electron and photon considered as particles and a simple illustration of the above 

is the following graph: 

 

 

 

 

 

 

 

 

 

(Dance et al., n.d.) 

 

 Figure 7: Compton effect 
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The relationship between angles θ and φ is: 

                                                             𝑐𝑜𝑡𝜑 = (1 + 𝜀) tan
𝜃

2
 

where ε is the incident normalized incident photon energy    𝜀 =
ℎ𝜈

𝑚𝑒 𝑐2 

 

Precondition for occurrence Compton effect is the energy of the incident photon to 

be much bigger than the electron’s binding energy.  

The scattered photon energy is given by the formula: ℎ𝜈′ = ℎ𝜈
1

1+𝜀 (1−𝑐𝑜𝑠𝜃)
 

and the kinetic energy of the electron: 𝐸𝐾 = ℎ𝜈
𝜀(1−𝑐𝑜𝑠𝜃)

1+𝜀(1−𝑐𝑜𝑠𝜃)
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1.4.1 Effects of interaction with ionizing radiation 

From the first medical image of Roentgen’s wife’s hand there was total lack of concern 

from through today several changes have occurred. Nowadays the effects of radiation 

exposure are in a great deal known, especially after studies and the unpleasant 

experience of Chernobyl’s accident. The scientific community classifies the radiation 

effects as deterministic effects and stochastic effects, for better understanding. The 

main concept of radiation protection is to prevent the occurrence of deterministic 

effects and limit the probability of stochastic effects to a level that is considered 

acceptable.   

 

1.4.2 Deterministic Effects  
Examples of deterministic effects which are usually observed in patients after 

irradiation are hair loss, cataract, skin erythema, sterility etc. Deterministic effects 

occur only a few days or months after irradiation and there is a threshold for their 

appearance. Deterministic effects are not expected to occur after one exposure for a 

simple diagnostic procedure but are sometimes reported after some complex 

interventional procedures such as the dilatation of the coronary arteries.  

 

 

 

Figure 8: Deterministic effect of radiation 



27 
 

 

                               Table 2: Examples of dose thresholds for deterministic effects (Linton, 2005) 

                   

1.4.3 The stochastic effects 
The stochastic effects are related with the probability of carcinogenesis or genetic 

effects. In other words, stochastic effects induce an additional minimal risk to an 

offspring to develop cancer. They strongly depend on age and are common in children 

than in adults. An increase in dose equally increases the probability of the stochastic 

effect occurrence. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Stochastic effect of radiation 
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1.4.4 Differences between Deterministic and Stochastic effects  
Some important differences between deterministic and stochastic effects are showed 

in the following table.   

Deterministic effects Stochastic effects 

There is a threshold dose.  There is no threshold dose. 

The importance of the effect increases with 

the increase of the dose accordingly. 

The importance of the effect remains 

constant with the increase of the dose. 

They concern certain number of cells. They appear in only one cell. 

 The probability of the effect’s occurrence 

increases along with the dose.   

                                      

                                        Table 3 : Main differences between deterministic and stochastic effects. 

1.4.5 Radiosensitivity   
Radiosensitivity is the relative susceptibility of cells to the ionizing radiation. According 

to Bergonie(1906) principle , cells are less sensitive when the DNA is replicated (S 

phase) and more sensitive when a replicated chromosome is separated into two new 

nuclei (M phase). The different type of cells presents different radiosensitivity. For 

example, nerve cells are less radiosensitive than bone cells. 

 

 

 

 

 

 

 
 

 

Figure 10:Cell Sensitivity to radiation   
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Chapter 2 – Dosimetry 
 

Several dosimetric quantities are used by medical physic and physicians to control 

the exposure situations of the patient and the staff.  

 

2.1 Fluence  
The fluence (𝛷) at a point P can defined as the differential of number of particles (dN) 

incident on an infinitesimal sphere of a cross sectional area, (dα) which surrounding 

the point P. 

𝛷 =
𝑑𝑁

𝑑𝛼
 

 

The S.I unit of fluence are expressed in 𝑚−2. 

 

The particles included in fluence (𝛷) might have any direction. Also, photon fluence 

and electron fluence counted separately.  

  

 

   

 

 

 

 

 

 

(Dance et al., n.d.; Seuntjens, Strydom, & Shortt, n.d.)  

 

Figure 11: The concept of fluence, in a radiation field of point P  
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2.2 Energy fluence 
The energy fluence (𝛹) is defined as the differential of the radiant energy (R) which 

are transferred by each particle or photon kinetic energy divided by a cross-sectional 

area (dα). 

𝛹 =
𝑑𝑅

𝑑𝑎
 

The S.I. unit are: J/m2  

The above expression can be simpler if the particles have the same energy (E) and 

given by the formula: 

𝛹 = 𝛦 ∙ 𝛷 

 

2.3 Kerma 
Kerma (K) is a non-stochastic quantity which expresses the sum of initial kinetic 

energies of all charged particles liberated by uncharged particles in a mass (dm) of 

material. Kerma is the acronym for Kinetic energy released per unit mass.  

𝐾 =
𝑑𝐸𝑡𝑟

𝑑𝑚
 

The S.I unit of Kerma:  
𝐽

𝑘𝑔
= 1𝐺𝑦. 

It is important to clarify that kerma refers to the kinetic energy received by the 

secondary charged particles at the time of liberation in the mass. This energy is not 

necessary to spend in the mass where it was liberated.  

2.4 Absorbed Dose 
Absorbed Dose (D) at a point is a measure of the incident radiation energy (𝑑𝜀) 

imparted to matter (target tissue) per unit mass(𝑑𝑚): 

 

𝐷 =
𝑑𝜀

𝑑𝑚
 

 

 The S.I.  unit of absorbed dose is the gray. 
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                                                                          1𝐺𝑦 =
1𝐽

𝑘𝑔
 

 Absorbed dose includes both scattered and primary radiation. 

To illustrate the above definition of absorbed dose let assume that a patient with mass 

75kg accept energy absorption of 240 𝐽 , the whole body absorbed dose will be 3.4 

𝐺𝑦. 

 

2.5 Kerma and absorbed dose 
At this point is significant to make clear some differences between kerma and 

absorbed dose and understand more both quantities. First, at Kerma the interest 

volume is the place where energy is transferred from uncharged to charged particles, 

but in absorbed dose the interest volume is where the kinetic energy of charged 

particles is spent. Moreover, the mean of kerma included only the energy transfer due 

to the interactions of uncharged particles within the mass. On the contrary, absorbed 

dose includes all the energy deposited in the mass. Thus, Kerma includes kinetic 

energy of charged particles liberated by a photon in the volume and might leave it but 

absorbed dose does not include this energy.  

 

2.6 Dosimetric quantities for interventional radiology 
 

2.6.1 Entrance Surface Air Kerma( ESAK) 
Entrance Surface Air kerma is that air kerma which measured on the central axis of 

the X-Ray beam at the surface of the patient/phantom. It’s worth to notice, that ESAK 

include the incident radiation on the patient/phantom, as also photons that have 

backscattered from inner tissues. 

2.6.2Kerma Area Product (KAP)  
Kerma Area Product (KAP): represent the product of dose at the center of a certain 

plane of the X-ray beam (e.g. the surface of the patient) multiplied by the area of the 

X-ray field at that plane.  

 

Units: in 2010 the IEC selected  𝐺𝑦𝑐𝑚2 as the standarized unit.  
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KAP provides a good index for estimating stochastic risk but is not directly useful for 

estimating tissue reactions.  

 

2.6.3Equivalent dose (H) 
The fact that different types of radiation produce different effects in the radiated 

tissue(T), even the absorbed dose is equal, create the need for a new dosimetric 

quantity, the equivalent dose.  

 

 

 

 

 

      Figure 12 : Penetration Power  of different types of radiation.((Linton, 2005) 

 

Equivalent dose can be calculated by the formula: 

𝐻𝑇 = 𝛴𝑅𝑊𝑅 ∙ 𝐷𝑇,𝑅 

Where  𝑊𝑅 is the weighting factor, for different type of radiation and 𝐷𝑇,𝑅  the 

absorbed dose of the tissue or organ.  

The unit of equivalent dose is the sievert (1Sv =1j/kg).  

For ionizing radiation, it is accepted that 1Gy=1Sv.  

 

                                         Table 4 : Radiation Weighting factors according to ICRP 103 

Radiation type WR (ICRP103) 

Photons, electrons, muons 1 

Protons, charged particles 2 

Alpha particles, heavy nuclei, fission 
fragments 

20 

Neutrons A continuous function of neutron energy 
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As the weighting factor for X-rays (photons) is equal to one the absorbed dose and 

equivalent dose are numerically equal. 

Equivalent dose represents the stochastic health effects of low levels of ionizing 

radiation on the human body. In other words, it’s the probability that the person who 

have irradiated to develop cancer and genetic damage. 

2.6.4 Effective dose (E) 
 Effective dose is the sum of dose equivalents in the organs or tissue and the weighting 

factors applicable to each of the body organs or tissues that are irradiated. Effective 

dose represents the stochastic health risk to the whole body’s probability of cancer 

induction. It takes under consideration the type of radiation and the nature of each 

organ or tissue being irradiated. The S.I. unit for effective dose is the sievert (Sv). 

Effective dose can calculate by the formula: 

𝐸 = ∑ 𝑊𝑇 ∙ 𝐻𝑇

𝑇

 

Where E is the effective dose to the entire organism,  𝐻𝑇 is the equivalent dose 

absorbed by tissue T and  𝑊𝑇 is the tissue weighting factor defined by regulation.  

To estimate the effective dose in fluoroscopy examination various operational 

quantities are measured and listed at the end of the examination on the console of x-

ray unit.  

Table 5 : Tissue weighting factors according to ICRP 103 

  Tissue Tissue Weighting factor 
(WΤ) 

Σ WT 

Bone -marrow, colon, lung, 
stomach, breast, remaining 

tissue (*) 

 
0.12 

 
0.72 

Gonads 0.08 0.08 

Bladder, Oesophagus, Liver, 
Thyroid 

0.04 0.16 

Bone surface, Brain, Salivary 
glands, Skin 

0.01 0.04 

Total  1.00 

(*) Remaining tissues: Adrenals, extra thoracic region, gall bladder, heart, kidneys, 
lymphatic nodes, muscle, oral mucosa, pancreas, prostate, small intestine, spleen, 
thymus, uterus/cervix 
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Chapter 3-Radiation Protection 
The increasing use of ionizing radiation and especially techniques such as computed 

tomography (CT) and interventional radiology (IR) which demand higher doses than 

other techniques, have increased the concern for radiation protection for both 

patients and medical staff. So, the suitable combination of attitudes, practices and 

rules during the interaction with ionizing radiation, that we call Radiation Protection 

Culture is essential in every Radiology Department. Especially in Interventional 

radiology which usually are complex procedures and demands high fluoroscopy time, 

high dose rates and large number of cine acquisitions. 

(Ploussi & Efstathopoulos, 2016) 

 

3.1 Fundamental Principles of Radiation Protection  
The International Commission of Radiological Protection (ICRP) has insert three 

fundamental principles in order to describe the main ideas.  

• The principle of justification:  

The theoretical approach of this principle, in medicine, is that any decision that 

alters the radiation exposure situation should do more good than harm. The 

principle of justification achieved in practice when any radiological procedure 

carried by the appropriate professional staff. Simultaneously, the radiological 

procedure should be applied according to the current practice and new 

technologies which are justified. The possibility of accidental exposure should also 

be provided. Moreover, into account should be taken the national or international 

guidelines, the clinical circumstances and the individual characteristics.   

(IAEA Safety Standards for protecting people and the environment Specific Safety 

Guide No. SSG-46 Radiation Protection and Safety in Medical Uses of Ionizing 

Radiation, n.d.) 

 

• The principle of optimization:  

When the principle of optimization applied, ensured that the magnitude and 

likelihood of exposures and the number of individuals exposed are as low as 
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reasonably achievable (ALARA), considered the economic, societal and environmental 

factors. The medical exposure should always lead to the required clinical outcome. 

“Too low radiation dose could be as bad as high radiation dose. As a consequence, 

cancer is not cured or the images taken are not of a suitable diagnostic quality.” So, 

the suitable radiation dose should be applied. To achieve the implementation of the 

optimization principle, dose constraints levels (DCLs) are applied for the public and 

the staff protection. Accordingly, for the patients applied diagnostic reference levels 

(DRLs) 

 

• The principle of limitation doses: 

The principle of limitation doses are described by the International Commission of 

Radiation Protection by the following sentence:“ The total dose to any individual from 

regulated sources in planned exposure situations other than medical exposure of 

patients should not exceed the appropriate limits recommended by the Commission.”  

(Agency et al., n.d.) 

It is important to make clear that dose limits, concern only scheduled exposure 

situations and not medical exposure of patients.  

 

3.2 Rules of Reducing Radiation Dose 
There are three standard ways to reduce the dose of staff and public, which should be 

following by all, who involve in radiological occupations. 

1.The time: As longer the exposure is, so greater the cumulative dose will be. If we 

can reduce the exposure time, the absorbed dose will also reduce. For an operator 

with enough experience this rule is quite simple but for apprentices it’s a challenge.  

2.The distance: The distance between a person and X-ray source should be kept as 

larger as possible. We should take under consideration that the radiation from a 

point source follows the inverse square law. Let’s see a numerical example: 

We assume that we have a point source and the absorbed dose at distance 1m from 

the source is 800μGy/h. So, if we duplicate the distance, at 2m from the source the 

absorbed dose will be 200μGy/h.  
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3.The shielding: Appropriate measures applied to ensure that the person is shield 

from the radiation. (Dance et al., n.d.). There are several types of shielding, such as 

architectural shielding (e.g. door, walls, and floors), movable equipment shields 

(e.g. drapes hanging between X-ray tube and the operator) and personal protective 

equipment (e.g. protective garments). According to researches, protective 

garments shield the gonads and 80% of the bone marrow. The standard is 0.5mm 

lead apron , which offer almost 95% protection from the scatter radiation.(Ahmed 

& Taha, 2017). As already has referred, the staff exposed mostly to the scattered 

radiation which arises from the interaction of the primary beam with patient’s 

body. The staff radiation protection is proportional with the patient protection, 

greater the patient protection.” The better staff protection through reduction of 

scattered radiation.”  

 (Sadowski, 2013)   

3.3 Categories of exposure 
ICRP has established three categories of exposure: occupational exposures, public 

exposures, and medical exposures of patients.  

Occupational Exposures include workers who reasonably exposed in radiation due to 

their responsibilities at work. For these individuals, the radiation exposure is 

monitored with the use of dosimeters and a record of dose is kept.  

Public Exposure includes all the source of radiation (natural and technical) which 

anyone can be exposed. Indeed, the natural sources are by far the largest exposures 

in radiation. Exposure in a radiology facility would include persons who may happen 

to be close to or within the facility, for example a patient’s relative, even the embryo 

of a pregnant worker. 

Medical Exposures are intentional exposures for the diagnostic or therapeutic benefit 

of the patient. Medical Exposure is divided into three components: (a) patient 

exposure, (b) biomedical research exposure and (c) carriers and comforter’s exposure.  
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3.4 Diagnostic Reference Levels (D.R.Ls) 
Diagnostic Reference Levels (DRLs) determined by the 75% of the dose distribution in 

a specific medical procedure with radiation. The use of DRLs is significant at medical 

Physical as they provide a measure for optimization the operator’s technique. It’s 

important to make it clear that the DRLs are levels for further research and not dose 

limits. The operator should possibly reconsider about his technique and his equipment 

if there is continuous excess of DRLs. The excess of DRLs doesn’t mean automatically 

that the procedure doesn’t follow appropriate but there are for further assistance to 

the operator to make the suitable decision.   

3.5 Dose Constraint Levels (D.C.Ls) 
Dose constraint levels (D.C.Ls) concern about occupational and public exposure and 

are not applicable for patient’s exposure. Also, determined at the planning stage of a 

medical procedure. The establishment of D.C.Ls ensures that the sum of the doses 

remain within the dose limits.  When the process is applied correctly DCLs does not 

superposed and the excess of DCLs is permissible, but the concern for optimization of 

the procedure is necessary. 

 (IAEA Safety Standards for protecting people and the environment Specific Safety 

Guide No. SSG-46 Radiation Protection and Safety in Medical Uses of Ionizing 

Radiation, n.d.)  

3.6 Dose limits  
Dose limits help to ensure that an individual will not expose to an excessive amount 

of radiation in normal, planned situation. Dose limits combined with the principles of 

optimization and justification provide a measure for adequate radiation protection. 

For occupational exposures, dose limits are expressed on equivalent dose and 

designed to restrict deterministic effects in specific tissues. Limits on effective dose 

are designed to reduce the possibility of stochastic effect throughout the bod. The 

occupational dose limits recommended by the ICRP have been adopted by most of 

countries in the world, including European Union and United States. Dose limits apply 

only in planned exposure situations. In other situations, restrictions on individual dose 

are called reference levels, as already have referred. In emergency and existing 
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exposure situations dose limits provide an additional flexibility that make radiation 

protection more effectiveness.  

(Goldsweig, Abbott, & Aronow, 2017; Miller et al., 2010; O’Connor et al., 2015) 

Table 6 : Recommended dose limits in planned situations 

Type of limit Occupational (mSv) Public (mSv) 

Effective dose  20mSv per year averaged over 

defined period of 5 years * 

1mSv in a year 

Annual Equivalent 

Dose in: 

  

Lens of the eye 20 15 

Skin** 500 50 

Hands and feet 500 n.a 

*With the further provision that the effective dose should not exceed 50mSv in any 

single year. 

**(a) Averaged over 1cm2 area of skin regardless of the area exposed.  

(b)The limitation of effective dose provides enough protection for the skin against 

stochastic effects.  

(Dance et al., n.d.) 

3.7 The exposure of pregnant workers   
 The Commission suggest that there is no need to distinguish between radiation 

protection of two sexes. The difference is that if a female worker declare that is 

pregnant additionally radiation protection should be considered about embryo / fetus. 

That policy applied after the declaration of pregnancy and try to ensure that the 

embryo/fetus would not exceed the 1mSv during the remainder of the pregnancy. All 

the above, doesn’t mean that a female worker during pregnancy should avoid work 

with radiation or radioactive materials completely. However, imply that employer 

should carefully review the exposure conditions of pregnant workers and avoid to be 

involved in emergency situations where the likelihood of high doses is big. 

(Agency et al., n.d.)    
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3.8 Interventional radiology protection 
During a fluoroscopy procedure, several parameters influence patient and operator 

dose such as the number of images taken, fluoroscopy time, tube filtration, generator 

voltage and current.  

In interventional radiology the basic protection rules, time and distance, cannot be 

applied. The operator and other medical staff should be close to the patient and due 

to the complexity of the procedure time cannot be restricted.  

That we should take under consideration is that one of the main sources of scattered 

radiation is the patient. A burly patient will create more scattered radiation, and this 

is the subject of present thesis. The scattered radiation is not uniform around the 

patient and the level of dose around the patient is a complex function which depends 

on lot of parameters.  

 A significant role has the X-Ray position, which should be under the patient for 

decreasing the amount of scatter radiation reaches the operator. The general role for 

reducing the scattered radiation is that the distance of X-Ray tube and patient should 

be as far as possible and the distance between the patient and image receptor as close 

as possible.    

The adjustment of collimators tightly to the area of interest reduce patient dose and 

improves image quality. As the dose of patient reduce the scatter radiation reaches 

the operator also reduced.  

The standing position of operator during the interventional radiology play a major role 

in radiation protection. The basic rule is that operator should be as far as possible from 

the primary beam. For this purpose, tubing extensions or needle holders have 

designed for helping operator to keep his hand away from the exposed field. For 

lateral or angulated projections, the suitable position for operator and other medical 

staff is behind the intensifier, as it can absorb a satisfying amount of the scatter 

radiation.  

Significant role to the operator’s radiation protection play the personal protective 

garments such as: 
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Caps: 

Many studies have proven that operator brain tumors associated with the long-time 

exposure to radiation so the need of use caps which shielding the head are important. 

The use of lead caps has been shown to reduce the dose to the head. A big 

disadvantage of those caps is their weights (1,14Kg) which come to added in the 

already heavy lead apron and make the operation more uncomfortable to the user. 

Other caps contain barium sulphate- bismuth oxide have used as lead equivalent 

which are lighter and can reduce the dose to the 90%.  

Gloves: 

During the procedure hands get a lot of radiation not only due to are close to the 

radiation source but as many times can be in the direction primary beam. The best 

method to protect hands is to keep them away from the primary beam as the use of 

lead gloves makes the job very difficult especially when dexterity is required. Leaded 

(or lead free) radiation attenuating latex gloves are used in some centers and 

according to the manufactures can provide 58% reduction of the dose.   

Glasses: 

 Another risk for operator and medical staff in interventional radiology is the 

development of cataracts. Lead glasses can reduce the dose affects eyes significantly.  

   

Lead aprons: 

The use of lead apron for any individual which take part in the interventional radiology 

are not optional. Lead apron can reduce the dose which receives the upper part of 

operator even more than the half. The apron fit is important such as if there is any 

gap, especially under the arms, can increase the dose and as a result the probability 

of breast cancer, especially for female staff. These lead aprons are weighted 

approximately 7kg, a fact that make their use very uncomfortable for the operator. 

Back problems, due to the heavy apron and simultaneously the long duration of the 

procedure, are usually developing in the staff. Lead aprons are the best lifeless 

collaborators, so the staff should take care of them. Aprons should be handled 

carefully on suitable racks to ensure that will not create any cracks to the lead 

material. The aprons should not be folded. Also, lead aprons should be submitted in 
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annual tests and checked for any crack so the user will be ensured that any radiation 

could approach.   

 

Thyroid Collar: 

The thyroid of the operator receives a big amount of scatter radiation, so the 

protection of it is crucially important. Thyroid collar has designed for reducing the 

dose and simultaneously reduce the probability of carcinogenesis in the thyroid. The 

thyroid collar should be perfectly fit to the lead apron and no gaps be created. Thyroid 

collars should be annually checked such as lead apron. 

The mode in which the procedure performed takes a significant role to both staff and 

patient dose. As an example, if we change normal fluoroscopy mode to the boost high 

dose rate or overuse the magnification mode, the dose rate will be increased. It’s also 

obvious that the pulsed fluoroscopy reduced the dose versus to continuous 

fluoroscopy.  

For better radiation protection during interventional radiology procedures only expert 

staff should operate the fluoroscopy machine. Also, only the expert staff is competent 

to position the patient and select the technique. Staff involved in procedures with 

ionizing radiation have obtain knowledge for better radiation protection by their 

training and experience in the field of work.   Standard operating procedure should be 

followed according to each clinical protocol and base to each case complication. 

Moreover, the restriction of fluoroscopy time and the number of fluoroscopic images 

can minimize the dose rate. Significant is the often equipment quality control such as 

calibration of the beam, radiation output values and lead aprons.  

(Badawy, Deb, Chan, & Farouque, 2016; Fiorilli, Kobayashi, Giri, & Hirshfeld, 2020; 

Goldsweig et al., 2017; Miller et al., 2010; Sidhu et al., 2010; Vlachos et al., 2015)  

 

Chapter 4- Materials and Method 
All equipment which used, were calibrated, and submitted under quality control tests, 

according to the recommendations of IAEA. The time elapsing between periodic 

calibration was within the period defined by national regulations. Moreover, all 
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measurements take place at the same day at the same place (Radiological Department 

of University Hospital of Rio), so there are not significant changes in the temperature 

and humidity. Also, there wasn’t any protection from radiation in front of ion 

chamber, such as lead apron or lead curtain. Our radiation protection achieved as 

during the irradiations we stood in the operator room behind the door and window 

shielding with lead.  

4.1 Fluoroscopy equipment  
 The measurements for the present study performed at the University Hospital of 

Patras and the fluoroscopy system which used was a C-arm from the vascular surgery 

department. More specific, the C-arm was a Philips BV Endura (serial number 300) 

with a 12-inch (31cm) image intensifier. The system utilizes a microprocessor- 

controlled X-ray generator and achieved maximum X-ray tube 110kV and maximum 

tube current 30mA.Moreover, the X-ray tube has a fixed anode and inherent filtration 

3.0mm Al eq. and additional filtration 1.0mmAl eq. and 0,1mm Cu. Also, the system 

provides three fluoroscopy modes: continuous fluoroscopy, half dose fluoroscopy and 

quarter dose fluoroscopy. The range of voltage, pulse rate, etc. for each mode present 

in the following table.  

 

  

Table 7 : Characteristic of each fluoroscopy mode 
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In order to reduce scatter radiation and to enhance image quality the system possess 

collimators (3mm Pd) which can be rotated and moved independently.  

 

 

 

 

 

 

 

The system was operated using the vascular abdominal exam type as could provide 

manual selection of voltage (80kV and 100kV selected for this study). The criterion of 

selection these values of tube voltage is that in interventional radiology used high 

voltages.  

(Philips N.V., n.d.) 

 

4.2 The phantom 
In order to simulate the patient’s size used PMMA slabs with dimensions30cmx30cmx 

1cm. Three different thickness simulated, 15cm, 20cm and 25cm. The selection of the 

phantom’s thickness limited in these three sizes as we want to simulate the most 

common clinical situations. The 15cm correspond to extremely thin patient, maybe a 

child and 25cm to a heavy patient.  

 

4.3 The ion Chamber  
In order to approach how the scatter radiation is formed, in the area where the 

operator will be during the interventional radiology procedure, according to the 

patient size, we used an ion chamber, RTI Survey Meter. That instrument can detect 

gamma and X-rays above 25kev and beta above 1MeV. The dynamic measurement 

range is 0-50mSv/h. The chamber is filled with 99.89% nitrogen (N) and 0.11% argon 

Figure 13: X-ray Collimation 
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(Ar) to a pressure of eight atmospheres. The dose rates which were recorded were the 

highest measurement value attained.  

(Survey, 2012) 

 

 

 

 

 

 

 

 

 

4.4 The geometry of the method.  
The source to image intensifier distance was 100cm. The X-ray tube positioned under 

the couch at 60cm.The clinical table’s thickness was 5cm. The phantom was positioned 

at the IRP and all measurements were at the half of the phantom. The survey meter 

putted in distance 50cm and 100cm from the central axis of the beam, which are the 

most common points where the operator, nurses etc. will be in interventional 

radiology. Also, measurements had be taken at angle 45ο from the central axis, as it is 

a convenient point for operators to stand and simultaneously work. The ion chamber 

putted in three different highs 50cm, 105cm and 161cm.Τhe height selection criterion 

was that with the equipment we had we could achieve the repeatability of the 

measurements in that points and are points close to the points of interest (feet, 

gonads, thyroid- head).  

4.5 Evaluation of X-Ray beam 
The quality of X-ray beam is based on the measurement of the photon fluence 

spectrum. However, in practice an X- Ray beam can be characterized by the tube 

output and HVL. The evaluation of the appropriate operation of the X-ray tube 

should be done, independently of when the last quality control test be realized. In 

order to evaluate the X-ray beam used an electrometer and more specific the 

Barracuda System, which parts are a cabinet with modules, the Multi- Purpose 

Figure 14:RTI  Survey Meter by RTI Electronics AB 
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Detector (MPD, measuring tube voltage, exposure time dose and dose rate) and a 

computer with QABrowser. The MPD was positioned vertically to the anode- 

cathode direction and to the IRP in order to avoid heel effect. It’s significant to 

notice that in that point we want to evaluate the primary beam, so the correct 

position of MPD its decisive.  

First, assessed the accuracy and stability of the X-ray tube voltage. We radiated with 

80kV, without additional filtration and with collimators and iris complete open. The 

current was 1,40mA, the exposure 157,5μGy and the active time (pulse) was 2.569s. 

Barracuda give the value of 79,52kV and the acceptable deviation is 5%, whichever is 

the greater. With the same procedure for namely 100kV the result was 102,89KV.  

The HVL is measured at 4,87mm Al with less threshold for 80kV to be 2.9mm Al. The 

X-ray tube output calculated to the 43,79μGy/mAs. The range of background 

radiation was 0.04μSv/h -0.09μSv/h. 

(Paulista, Em, & Biológicas, n.d.) 
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Chapter 5  
 

5.1 The measurements 
The exam type selected, in fluoroscopy system, was vascular abdominal, as this type 

of exam gives the opportunity to select the tube voltage of 80kV and 100kV. The 

Automatic Exposure Control (AEC) system was not used as we want to achieve 

repeatability and controlled situations. The phantom as already referred was 

positioned in the IRP and all measurements were at the half of the phantom. The 

Survey Meter had been positioned on three heights (50cm, 105cm and 161cm from 

the floor) which approached the spatial points of gonads, thyroid and head. For every 

measurement, as the irradiation was realized, for our radiation protection, standing 

in the operator room where the door and window were shielding with lead.  

The first set of measurements realized at distance of 50cm from the central axis of the 

beam, at angle 0 degrees, for tube voltage 80kV and for different heights 50cm, 105cm 

and 161cm. The same measurements were realized for tube voltage 100kV.  

The second set of measurements was realized as the previous ones but this time the 

distance from the central axis of the beam was 100cm.  

Another set of measurement was achieved, in order to simulation the previous 

measurement but this time in scatter angle of 45ο  from the central axis of the beam.  

All the measurements which were recorded are documented in the following tables.  

In each table the dose rate based on the phantom’s size recorded in the combination 

with other parameters such as tube voltage, distance , and angles position from the 

central axis of the beam.   

Table 8 : Dose rate based on the phantom's thickness at 50cm height. 

 

Height from the floor: 50cm           
Angle Position 0◦ 45◦ 

Distance from central axis 50cm 100cm 50cm 100cm 
Tube Voltage 80kV 100kV 80kV 100kV 80kV 100kV 80kV 100kV 

Phantom Thickness Dose Rate (mSv/h) 
15cm 1,300 2,800 0,234 0,516 1,100 2,600 0,229 0,556 
20cm 1,300 2,800 0,234 0,551 1,200 2,600 0,244 0,564 
25cm 1,300 2,800 0,237 0,556 1,200 2,600 0,290 0,570 



47 
 

 

Table 9 : Dose rate based on the phantom's thickness at 105cm height. 

Table 10: Dose rate based on the phantom's thickness at 161cm. 

 

 

5.2 Effect of phantom thickness 
 

Based on the above measurements and for better comprehension of them, several 

graphs have  been used.  

In the following graphs it is illustrated how the phantom’s thickness influences the 

dose rate to operator. The graphs provide information about the dose rate in three 

different heights , 50cm, 105cm and 161cm from the floor, for different distances from 

the central axis of the beam (50cm and 100cm) , for two scatter angles (0 and 45 

degree)and for two different tube voltage indications of 80kv and 100kv.  

The first graph referred to the dose rate was based on phantom’s thickness(15cm , 

20cm and 25cm) at distance 50cm from the central axis of the beam , at scatter angle 

0 degrees, for three heights 50cm, 105cm and 161cm from the floor and tube voltage 

80kV.  

 

 

Height from the floor: 105cm           
Angle Position 0◦ 45◦ 

Distance from central axis 50cm 100cm 50cm 100cm 
Tube Voltage 80kV 100kV 80kV 100kV 80kV 100kV 80kV 100kV 

Phantom Thickness Dose Rate (mSv/h) 
15cm 0,515 1,200 0,162 0,380 0,360 0,736 0,129 0,317 
20cm 0,519 1,200 0,177 0,400 0,393 0,893 0,141 0,340 
25cm 0,547 1,300 0,178 0,408 0,395 0,922 0,147 0,359 

Height from the floor: 161cm           
Angle Position 0◦ 45◦ 

Distance from central axis 50cm 100cm 50cm 100cm 
Tube Voltage 80kV 100kV 80kV 100kV 80kV 100kV 80kV 100kV 

Phantom Thickness Dose Rate (mSv/h) 
15cm 0,120 0,248 0,099 0,178 0,128 0,236 0,115 0,207 
20cm 0,162 0,382 0,117 0,233 0,150 0,373 0,124 0,226 
25cm 0,248 0,626 0,127 0,320 0,189 0,617 0,125 0,332 
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Graph 1:Dose rate at 50cm distance from the central axis, scatter angle 0 degree and tube voltage 80kV. 

At heights 50cm and 105cm there was not any change to the dose rate while,  on the 

contrary, with 161cm, there was an increase at dose rate with the increase of 

phantom’s thickness.  

 

In the second graph, similar measurements are illustrated, which were realized at a 

100cm distance from the central axis of the beam, at scatter angle 0 degree and tube 

voltage 80kV.  

 

Graph 2:Dose rate at 100cm distance from the central axis, scatter angle 0 degree and tube voltage 80kV. 

With the increase of the distance, as it was expected, the dose rate was decreased. 

Also, there was an increase to the dose rate with the increase of the phantom’s 
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thickness at heights 105cm and 161cm, while at height 50cm, the increase is 

negligible.   

 

In the  following graphs (Graph 3, Graph 4) measurements in the same spatial points with 

different tube voltage and more specific at 100kV are illustrated.  

 

Graph 3: Dose rate at distance 50cm from the central axis of the beam, scatter angle 0 degree and tube voltage 
100kV. 

 

 

Graph 4: Dose rate at 100cm from the central axis of the beam, scatter angle 0 degree and tube voltage 100kV. 

There is an increase to the dose rate with the increase of tube voltage. Moreover, with  

phantom thickness,  there is an increase to the dose rate which is more obvious at the 

height 161cm , while at heights 50cm and 105cm there are no significant changes.  
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The same measurements were realized at 45 degrees scatter angle and is  illustrated 

in the following graphs.  

 

Graph 5: Dose rate at 50cm distance from the central axis of the beam, scatter angle 45 degrees and tube voltage 
80kV. 

 

 

Graph 6: Dose rate at distance 100cm from the central axis of the beam, scatter angle 45 degrees and tube 
voltage 80kV. 
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Graph 7: Dose rate at distance 50cm from the central axis of the beam, scatter angle 45 degrees and tube 
voltage 100kV. 

 

Graph 8: Dose rate at 200cm distance from the central axis of the beam, scatter angle 45 degrees and tube 
voltage 100kV. 
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heights (50cm and 105cm) the increase for the three phantom’s thickness seems to 

be  the same, with small deviations as it can be  observe in the following graphs.  

 

Graph 9:Dose rate at 50cm distance from the central axis of the beam, at height 50cm from the floor and scatter 
angle 0 degree.  

 

Graph 10: Dose rate at 100cm distance from the central axis of the beam, at height 50cm from the floor and 
scatter angle 0 degree. 
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Graph 11:Dose rate at 50cm distance from the central axis of the beam, at height 50cm from the floor and 
scatter angle 45 degrees . 

 

 

Graph 12: Dose rate at 100cm distance from the central axis of the beam, at height 50cm from the floor and 
scatter angle 45 degrees. 
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Graph 13:Dose rate at 50cm distance from the central axis of the beam, at height 105cm from the floor and 
scatter angle 0 degree. 

 

 

Graph 14: Dose rate at 100cm distance from the central axis of the beam, at 105cm height from the floor and 
scatter angle 0 degree. 
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Graph 15: Dose rate at 50cm distance from the central axis of the beam, at 105cm height from the floor and 
scatter angle 45 degrees. 

 

 

 

Graph 16:Dose rate at 100cm distance from the central axis of the beam, at 105cm height from the floor and 
scatter angle 45 degrees. 
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Graph 17: Dose rate at 50cm distance from the central axis of the beam, at 161cm height from the floor and 
scatter angle 0 degree.  

 

 

Graph 18: Dose rate at 100cm distance from the central axis of the beam, at height 161cm from the floor and 
scatter angle 0 degree. 

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

80kV 100kV

D
o

se
 R

at
e 

(m
Sv

/h
)

Tube Voltage (kV)

Dose Rate of secondary radiation based on the tube 
voltage and phantom's thickness

15cm 20cm 25cm

Height:161cm
Distance:50cm
Angle:0 degree

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

8okV 100kV

D
o

se
 r

at
e 

(m
Sv

/h
)

Tube voltage (kV)

Dose rate of secondary radiation based on the tube 
voltage and phantom's thickness. 

15cm 20cm 25cm

Height:161cm
Distance: 100cm
Angle: o degree



57 
 

 

Graph 19: Dose rate at 50cm distance from the central axis of the beam, at height 161cm from the floor and 
scatter angle 45 degrees. 

 

 

 

Graph 20:Dose rate at 100cm distance from the central axis of the beam , at height 161cm from the floor and 
scatter angle 45 degrees. 
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5.4 Effect of scatter angle  
At this part of the present study what follows are the graphs where the dose rate was 

configured as a function of the scatter angle. As it was previously mentioned there were two 

scatter angles 0 degree and 45 degrees, as it is depicted in the following image.  

 

Figure 15: The scatter angle of the present research. 

 

Graph 21: Dose rate at 50cm distance from the central axis of the beam, at 50cm height from the floor and tube 
voltage 80kV. 
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Graph 22: Dose rate at distance 50cm from the central axis of the beam, at height50cm from the floor and tube 
voltage 100kV. 

Graph 23: Dose rate at 100cm distance from the central axis of the beam, at 50cm height from the floor and 
tube voltage 80kV. 
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Graph 24:Dose rate at 100cm distance from the central axis of the beam, at 50cm height from the floor and 
tube voltage 100kV. 

At that set of measurement, where the survey meter had been positioned at height 

105cm from the floor, in two different distances and two different tube voltage 

amount,  the dose rate  was decreased from 0-degree scatter angle to 45 degrees.  

 

 

Graph 25: Dose rate at 50cm distance from the central axis of the beam, at height 105cm from the floor and 
tube voltage 80kV. 
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Graph 26: Dose rate at 50cm distance from the central axis, at height 105cm from the floor and tube voltage 
100kV. 

 

 

Graph 27: Dose rate at 100cm distance from the central axis of the beam, at height 105cm from the floor and 
tube voltage 80kV. 
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Graph 28: Dose rate at 100cm distance from the central axis of the beam, at height 105cm from the floor and 
tube voltage 100kV. 

The following graphs refer at dose rate at height 161cm based on the scatter angle.  

At height 161cm from the floor, there are no significant deviations to the dose rate 

from the 0-degree scatter angle to the 45 degrees. Moreover, in that set of 

measurements is more obvious that the dose rate is getting higher with the increase 

of phantom’s thickness.  

 

Graph 29:Dose rate at 50cm distance from the central axis of the beam, at height 161cm from the floor and 
tube voltage 80kV. 
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Graph 30: Dose rate at distance 50cm from the central axis of the beam, at height 161cm from the floor and 
tube voltage 100kV. 

 

 

Graph 31:Dose rate at distance 100cm from the central axis of the beam, at 161cm height from the floor and 
tube voltage 80kV.  
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Graph 32: Dose rate at 100cm distance from the central axis of the beam, at height 161cm and tube voltage 
100kV. 
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5.5 Dose rate based on the standing position behind the image intensifier.  
 

 

 

Figure 16: Lateral projection with 20cm phantom’s thickness 

Another set of measurement was realized in order to demonstrate how important the 

standing position of personnel is during the interventional radiology procedures. For 

better radiation protection the staff should stand behind the intensifier (Miller et al., 

2010) but in clinical practice that rule is not adhered to most of the times, mostly from 

the nurses mainly  as a consequence of their tremendous of lack of education on 

radiation protection. So, the set of measurements is realized at height of 161cm from 

the floor, at distance 50cm and 100cm from the central axis of the beam, at voltage 

80kV and 100kV and for three angles: 90 degrees , 45 degrees with the Survey Meter 

positioned behind the tube and 45 degrees behind the intensifier. The projection 

which  is used in that set of measurements was the lateral, the phantom had thickness 

20cm and it  had been positioned closer to the intensifier.  

 

 

 



66 
 

The measurements which were recorder are shown in the next table. 

Table 11 : Dose rate based on the standing position. 

Height from the floor: 161cm   
Angle 

Position 9O◦ 45◦(behind the tube) 45◦(behind the intensifier) 
Distance from 

the central 
axis  50cm 100cm  50cm 100cm 50cm 100cm 

Tube Voltage 80kV 100Kv 80kV 100kV 80kV 100kV 80kV 100kV 80kV 100kV 80kV 100kV 
Phantom 
Thickness Dose Rate (mSv/h) 

20cm 0,391 0,889 0,226 0,461 0,382 0,864 0,233 0,522 0,36 0,853 0,177 0,428 
 

 

In the above measurements, behind the intensifier, at 45ο angle from the central axis 

of the beam a slight decrease of the dose rate was observed compared to the 

corresponding value behind the tube.  

 

Graph 33: Dose rate based on the standing position. 

5.6 Conclusion 
As it can be observed, generally there were no significant changes in the dose rate 

with the increase of phantom thickness. Only, at height of 161cm from the floor there 

was an increase of dose rate with the increase of phantom thickness. In this 

experiment, the Automatic Exposure Control (AEC) system was not used and 

consequently the tube current remained constant irrespective of the phantom 

thickness. If the meaning of half value layer is taken into consideration, with the 

increasing of phantom thickness, harder X-rays are required to penetrate the 

phantom. In this experiment the phantom thickness was increased but the X-rays 

remained the same and as a result there were no obvious changes at the dose rate. 
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Moreover, the increase of tube voltage lead to the increase of dose rate for thicker 

phantom thickness, which agree with the literature.  

5.7 Measurements Errors  

Apart from the systematic errors which were noted in the measurements by the 

metric equipment such as the uncertainty of Survey Meter (±10%) there were 

random errors, as well. The vertical position of MPD to the anode -cathode direction 

and to the IRP was held by approach, as also the phantom’s position. The distance was 

measured with the help of a common tape measure and the angulation was roughly 

measured. The equipment that was available could not ensure the repeatability of the 

measurements as the Survey meter was reset for a new measurement by hand, a fact 

that could change even its position by a little. Moreover, due to the limited time in 

which the hospital’s equipment could be used, the measurements were not repeated 

three times but only once.  

 

5.8 Future Perspectives  

According to the theory, the patient’s size influences the scatter radiation which 

reaches the operator and more specifically that a burly patient will create more scatter 

radiation than a skinny one. The above measurements prove that part of theory, but 

more research should be done. The method used in present thesis is a recommended 

approach for future work with improvements. The method would be more 

trustworthy if more measurements had been done with greater phantom’s thickness. 

Furthermore, the heights should be exactly at gonads, thyroid and head as little 

changes in the height cause significant changes in the dose rate, too.  

According to the ICRP, as it was referred to the operator’s dose (personnel dose) the 

dosimetry should be done with two personal dosimeters in the three heights of 

gonads, thyroid and head, which record doses above and under the lead apron. In our 

case, this method is not workable due to the lack of equipment. (Kim et al., 2012) 
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