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Abstract 

During X-ray examinations a large part of the radiation is scattered from the patient, 
contributing to larger radiation doses to medical staff operating inside the examination room. 
Ionizing radiation contributes to the risk of developing cancer and hereditary diseases but also 
to the risk of developing cataract. 
 
The aim of this thesis was to investigate the radiation environment and construct three-
dimensional maps of the dose distribution, in a Computed Tomography (CT) room during 
examinations.  
 
Air kerma was measured with real time dosimeters while irradiating an anthropomorphic 
phantom, using the X-ray tube voltages 100, 120 and 140 kV. The effective dose received by 
protected and unprotected medical staff inside the CT room during radiation exposure was 
estimated by using spectra from scattered X-ray radiation, a simulation of X-ray spectra and 
the dose evaluation program PCXMC. The equivalent dose to the eye lens was estimated by 
using spectra from scattered X-ray radiation and tabulated conversion factors from air kerma 
to the personal dose equivalent at 0.07 mm depth, Hp(0.07). From the estimated values of the 
effective dose and equivalent eye lens dose received by medical staff inside the room, three-
dimensional dose distribution maps were constructed. The shielding effectiveness of a lead 
apron regularly used in the room was examined using tube voltages of 100, 120 and 140 kV.  
 
The radiation dose distributions have a maximum closest to the irradiated phantom for most 
heights except at eye level where the maximum is shifted outwards along the patient table due 
to strong shielding by the gantry at eye level. The strong shielding of the gantry is noticed for 
all energy levels and at all heights but is exceptionally noticeable at eye level. The shielding 
of the patient table is strongest for the lower heights but is also noticeable at eye level which 
may seem surprising since there were no objects between the phantom and that point. The 
dose distribution along directions with minimal shielding seems to follow the inverse square 
law well. The lead apron is effective but its efficiency decreases for higher photon energies 
which is expected. 
 
From information about the frequency and durations of CT-guided procedures, the estimated 
annual effective dose is 1.6-2.3 mSv for protected and 14.3-19.8 mSv for unprotected 
personnel at the operator position. The estimated annual equivalent eye lens dose is 4.7-7.8 
mSv at the operator position. All annual doses at the operator position are below the annual 
threshold values of 20 mSv set by the ICRP. 
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1. Introduction 

X-ray examinations are invaluable for acquiring information about the internal structure of 
patients. In Computed Tomography (CT), the X-ray tube and detectors rotate around the 
patient to produce images with higher contrast resolution and more information than in 
conventional X-ray examinations (radiography) [1]. A disadvantage of CT is the relatively 
high amount of radiation used which results in considerable radiation doses to both patient 
and potentially to the staff that operate inside the CT room. 
During most CT examinations the medical staff is behind shielded glass in a control room. 
However there are some examinations that require staff to be inside the CT room, mostly right 
next to the patient. Examinations that require staff to be positioned inside the CT room can be 
CT multi-traumas and CT-guided punctures [2],[3]. In CT multi-traumas the patient is 
examined by CT after sustaining severe injuries due to significant trauma and is in need of 
medical staff to be with them during the CT scans [2]. 
In CT-guided punctures an interventional device is inserted through the patient’s skin and 
through the tissues to the area of interest. Examples of examinations are biopsies where tissue 
is collected by the interventional device and further analyzed in a lab, drainages where a fluid 
of interest is sucked out of the examined area by the device and then analyzed in the lab, local 
tumor therapy, pain management though injection of local anesthesia and CT-guided 
gastrostomies [3]. 
 
In the CT room examined in this thesis, CT-guided punctures were performed on a regular 
basis where thorax punctures and lumbal punctures were most frequent and performed by 
three radiologists [4]. CT multi-traumas were performed regularly at another CT room in the 
same hospital. 
 
A disadvantage with X-ray procedures in general and especially in interventional procedures 
is the scattered radiation from the patient which results in a significant exposure of radiation 
to the medical staff [1]. The radiation exposure to the staff increases their risk of developing 
late effects such as cancer or hereditary diseases [1] and also the risk of developing cataract 
[5]. Cataract is clouding of the eye lens and is the most frequent cause of blindness in the 
world [5]. The only possible treatment for cataract is surgery where the eye lens is replaced by 
an artificial one. 
After reviewing many recently published studies that suggested a lower threshold dose for 
developing cataract, the International Commission on Radiological Protection (ICRP) lowered 
their recommended annual dose limit to the eye lens for medical staff at operations that 
require the use of ionizing radiation [6]. The recommended maximum equivalent dose to the 
eye lens was lowered from 150 mSv/year1 to 20 mSv/year as a mean value over 5 years, 
where no single year is allowed to exceed 50 mSv. 
The reason for the older studies overestimating the threshold dose for the eye lens is believed 
to be that they had a too short evaluation time since the time for developing cataract is 
increasing with decreasing radiation [6]. Hence for individuals that had received low absorbed 

                                                           
1 Sv = Sievert (section 2.6.2.) 
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doses to the eye lenses, the time to develop cataract was longer than the studies being 
performed. 
 
The purpose of this thesis was therefore to examine the radiation environment in a CT room 
during examinations and from the measurements estimate the effective doses received by staff 
with or without protective lead aprons as well as the equivalent dose received by the eye lens. 
Another purpose was to explain the measured dose distribution from the physics of X-rays. 
This study could be used as helpful information for the staff on how to position themselves in 
such a way that they minimize radiation exposure and also about the effectiveness of 
protective lead aprons. 
  



Theory 

3 
 

2. Theory 

2.1 Radiation 

There are several types of radiation. Two categories that are of importance in medical imaging 
are electromagnetic (EM) radiation and particulate radiation [1]. EM radiation exhibits both 
wave and particle characteristics. The EM wave propagates as a pair of mutually reinforcing 
electric and magnetic waves that are in phase and perpendicular to each other and to the 
direction of propagation. They propagate with a constant speed for a given medium and in 
vacuum the propagation speed is equal to 2.998 × 108 m/s . EM waves with different 
wavelengths, frequencies and energies make up the EM spectrum and it is divided into 
regions such as the radio, infrared, visible, ultraviolet, X-ray and gamma ray regions. Several 
regions of the spectrum have applications in medical imaging. The radiofrequency region for 
example is used in the medical imaging technique Magnetic Resonance Imaging (MRI). EM 
radiation in the X-ray and gamma ray regions are called ionizing radiation since the radiation 
has enough energy to cause electrons to leave atoms when interacting with matter [1]. EM 
radiation can also be considered to be particles or particle-like packets called photons that 
carry quanta of energy. The energies of the photons are usually measured in electron volts 
(eV). 1 electron volt is defined as the energy an electron gains when travelling through a 
potential difference of 1 V and is equal to 1.602 × 10−19 J.  In medical imaging the typical 
amounts of photon energies are measured in keV and MeV. 

2.2 Interaction of X-rays and gamma-rays with matter 

Photons can interact with matter in many different ways depending on how energetic they are. 
For ionizing radiation there are four major ways that X-rays can interact with matter; the 
photoelectric effect, Compton scattering, Rayleigh scattering and pair production [1].  

2.2.1 The photoelectric effect 
In the photoelectric effect (Figure 1) a photon transfers all of its energy to an orbital electron 
which is ejected from the atom [1]. For this to take place the energy of the photon needs to 
exceed the binding energy of the electron. The difference in energy between the photon and 
the binding energy of the electron is transferred to the electron as kinetic energy. For X-rays 
and gamma-rays this usually happens for electrons in the inner shells that have large binding 
energies. The vacancy in the inner shell is quickly filled with an orbital electron from an outer 
shell which leaves a new vacancy that is filled by an electron from an outer shell even further 
out and so on. This leads to a cascade of electrons filling the vacancies. As the vacancy is 
filled and the electron jumps down to the lower energy shell, the excess energy is either 
released as a characteristic X-ray photon or transferred to another orbital electron which is 
ejected from the atom with a kinetic energy that is equal to the difference between the 
transferred energy and the binding energy of that electron. This electron is called an Auger 
electron and it usually resides in the same orbital as the electron that fills the lower energy 
vacancy [1]. Hence the cascade of electrons filling vacancies in the lower energy inner shells 
can result in emission of several different characteristic X-ray photons and Auger electrons. 
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The emission of Auger electrons is the dominating process for materials with low atomic 
number whereas the emission of characteristic X-rays dominates for materials with high 
atomic number such as iodine, barium and lead. Photoelectric absorption is most probable for 
electrons in K-shells. 

 

 
Figure 1. Photoelectric absorption2.  
a) An incident photon transfers all of its energy to an electron in a K-shell. The difference 
between the transferred energy and the binding energy of the electron becomes kinetic energy 
of the electron. b) The vacancy in the K-shell is covered by an electron from the shell closest 
outside (L-shell) and a characteristic X-ray photon are emitted. Other characteristic X-ray 
photons are emitted when subsequent vacancies are filled. 
 

                                                           
2 In the pictures throughout this thesis, the atoms are drawn in classical fashion as electrons travelling around the 
nucleus in planetary motions. In reality, the electrons follow the laws of quantum physics and are distributed 
around the nucleus in orbitals where  the electrons overlap, giving electrons in outer shells a probability to be 
closer to the nucleus than electrons from inner shells. 
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2.2.2 Compton scattering 
If the photon instead interacts with a valence electron (electron in an outer shell) the photon 
only transfers some of its energy to the electron which is enough to eject it from the atom 
since its binding energy is relatively low [1]. A scattered photon is created that has lower 
energy than the incident photon and it can be scattered in all directions, even backwards. This 
process is called Compton scattering (Figure 2).  

 

 

Figure 2. Compton scattering. The incident photon leaves part of its energy to an electron in 
an outer shell. The difference between the transferred energy and the binding energy of the 
electron becomes kinetic energy of the electron. The scattered photon has a longer 
wavelength than the incident photon and is deflected at an angle 𝜃𝜃 from the incident 
direction.  

The incident photon energy must be much larger than the binding energy of the orbital 
electron for Compton scattering to take place. This is the case for X-ray photons in the 
diagnostic energy range (25-150 keV) compared to valence electrons. Neglecting the binding 
energy of the orbital electron and considering energy conservation, the energy of the scattered 
photon plus the kinetic energy of the electron is equal to the energy of the incident photon. 
Compton scattering is the most likely interaction in the X-ray diagnostic energy range (Figure 
4) and predominates from 26 keV all the way up to approximately 30 MeV in soft tissue. The 
ejected electron will lose its kinetic energy through collisions with nearby atoms resulting in 
excitations and ionizations of the atoms. The scattered photon may travel through the medium 
without further interactions or it may interact further through photoelectric absorption, 
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Compton scattering or Rayleigh scattering [1]. The energy of the scattered photon (𝐸𝐸𝑠𝑠𝑠𝑠) can 
be calculated using the energy of the incident photon (𝐸𝐸𝛾𝛾) and its angle of deflection (𝜃𝜃) 
through the formula 

𝐸𝐸𝑠𝑠𝑠𝑠 =
𝐸𝐸𝛾𝛾

1 +
𝐸𝐸𝛾𝛾

511 𝑘𝑘𝑘𝑘𝑘𝑘 (1 − cos𝜃𝜃)
 . (1) 

From equation (1) it is noted that the energy of the scattered photon is smallest and the energy 
of the Compton electron is largest when back scattering occurs (𝜃𝜃 = 180°). Also, for a given 
angle of deflection the fraction of energy transferred to the scattered photon decreases with 
increasing photon energy. Hence for relatively high photon energies the Compton electron 
will receive most of the energy. As the incident photon energy increases, both the photon and 
the electron tend to be scattered more in the forward direction.  

The photons are not scattered uniformly in all directions. Instead the probabilities for photons 
to be scattered in certain directions are determined by the Klein-Nishina cross section, which 
is a relativistic cross section. Cross sections are used to measure probabilities for particle 
interactions in radiation physics. To quantify the probability that a photon is scattered within a 
given small angle, the differential cross section is used [7]. The differential cross section for 
Compton scattering from a free electron is described by the Klein-Nishina formula [8]. 

𝑑𝑑𝑑𝑑
𝑑𝑑Ω

=
1
2
𝛼𝛼𝑃𝑃2𝑟𝑟𝑠𝑠 �−sin2 (𝜃𝜃) + 𝑃𝑃 +

1
𝑃𝑃
� (2) 

where 𝛼𝛼 is the fine structure constant (1/137.04), 𝑟𝑟𝑠𝑠 is the classical charged radius (3.8616 ×
10−13 𝑚𝑚) and 𝑃𝑃 is the relationship between the photon energy before and after the interaction 
given by 

𝑃𝑃 =
1

𝑘𝑘𝛾𝛾(1 − cos (𝜃𝜃)) + 1
 (3) 

where 𝑘𝑘𝛾𝛾 is the ratio between the energy of the incident photon and the rest mass of the 
electron and is given by 

𝑘𝑘𝛾𝛾 =
𝐸𝐸𝛾𝛾
𝑚𝑚𝑒𝑒𝑐𝑐2

 . (4) 

For small photon energies (𝐸𝐸𝛾𝛾 ≪ 𝑚𝑚𝑒𝑒𝑐𝑐2), 𝑘𝑘𝛾𝛾 → 0 and 𝑃𝑃 → 1 which gives 

𝑑𝑑𝑑𝑑
𝑑𝑑Ω

=
1
2
𝛼𝛼𝑟𝑟𝑠𝑠(− sin2(𝜃𝜃) + 1 + 1) =

1
2
𝛼𝛼𝑟𝑟𝑠𝑠(cos2 (𝜃𝜃) + 1) .   (5) 

Equation (5) is the classical formula for the Thomson cross section that can be derived from 
electromagnetism [9]. 

A plot of the Klein-Nishina formula in polar coordinates with the differential cross section as 
the radial part is given in Figure 3. 
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Figure 3. The Klein-Nishina formula plotted in Mathematica, using polar coordinates.  

In the Thomson cross section, the photons are scattered in all directions but with a minimum 
number of photons scattered at 90 degrees and with a maximum number of photons scattered 
at 0 and 180 degrees.  As the incoming photon energy increases and becomes comparable to 
the rest mass of the electron, the photons are more favored to be scattered in the forward 
direction. The cross section at 1.5 MeV is plotted as an illustration of the high forward 
scattering behavior at large photon energies.  

It must be stressed that the Klein-Nishina formula is valid only for free electrons. In reality 
the electrons are more or less bound to atoms. It can still be used to approximate the scattering 
distribution for more complicated situations than free electrons. 

2.2.3 Rayleigh scattering 
In Rayleigh scattering (also called coherent scattering) the incoming photon does not interact 
with a single electron but instead it transfers its energy to the group of electrons which start to 
oscillate in phase as a result of the electric field of the incident photon’s EM wave [1]. The 
electron cloud quickly emits this energy as a new but identical photon travelling in a direction 
relatively close to the direction of the incident photon. Hence in Rayleigh scattering there are 
no electrons ejected. Rayleigh scattering has a low probability and contributes to 12 % of the 
interactions for photon energies of 30 keV and less than 5 % of the interactions at higher 
photon energies, above 70 keV.  
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2.2.4 Pair production 
X-ray and gamma ray photons with energy that exceeds 1.02 MeV can interact with the 
electric field of a nucleus and be transformed to an electron-positron pair [1],[7]. The rest 
mass energy equivalent of the electron is 0.511 MeV and that is why the energy needs to 
exceed 1.02 MeV. Photon energy in excess of this threshold energy is divided equally as 
kinetic energy of the electron and positron in the center of the mass system. The electron and 
the positron then interacts with atoms through ionizations and excitations and when the 
positron slows down it is annihilated together with an electron resulting in the formation of 
two oppositely directed 0.511 MeV photons. These photons then interact with matter through 
the photoelectric effect, Compton scattering or Rayleigh scattering. Pair production does not 
occur in medical imaging since the photon energies used there does not exceed 1.02 MeV. 

2.2.5 Attenuation 
The interaction mechanisms mentioned leads to photons being removed from the beam. This 
removal of photons from X-ray or gamma beams as they are passing through matter is called 
attenuation [1]. Hence attenuation is caused by both absorption and scattering of photons. The 
energy of the photons and the atomic number of the medium determine how likely each 
interaction is to take place. Photoelectric absorption is the dominating interaction at low 
photon energies and high atomic number (𝑍𝑍). In soft tissue photoelectric absorption 
dominates the attenuation up to 26 keV whereas Compton scattering dominates above that and 
up to 30 MeV [1]. For energies well above diagnostic X-ray range, pair production dominates. 
The probability for photoelectric absorption to occur is strongly dependent of the atomic 
number (Z) of the medium whereas Compton scattering has a very weak dependence on Z. In 
fact the attenuation coefficient for photoelectric absorption is proportional to 𝑍𝑍4 [2].The mean 
effective atomic numbers for soft tissues (carbon, oxygen and hydrogen) and bones (calcium 
and phosphor) are approximately 7 and 13 [1], which means that bones will absorb a larger 
part of the radiation through photoelectric absorption than soft tissues that will instead 
Compton scatter the radiation. Hence more radiation will penetrate regions with soft tissues 
and hit the detector. Plots of the mass attenuation coefficient as a function of photon energy 
for Z=7 and Z=13 are presented in Figure 4. 

2.2.6 Attenuation coefficient 
As more and more photons are attenuated by the medium, the intensity of the radiation 
decreases exponentially like 

𝑁𝑁 = 𝑁𝑁0𝑘𝑘−𝜇𝜇𝜇𝜇 (6) 

where 𝑁𝑁0 is the incoming intensity, 𝜇𝜇 is the linear attenuation coefficient measured in 𝑐𝑐𝑚𝑚−1 
and 𝑥𝑥 is the distance into the medium [1]. Hence the intensity will never drop to 0. As a good 
measure of how high the attenuation is one uses the medium’s Half Value Layer (HVL) which 
is the distance into the medium where the incoming intensity has dropped to half its value. 
The relationship between the attenuation coefficient and the HVL can easily be calculated as 

𝑁𝑁 =
𝑁𝑁0
2

= 𝑁𝑁0𝑘𝑘−𝜇𝜇∙𝐻𝐻𝐻𝐻𝐻𝐻     ⟺      ln
1
2

= − ln 2 = −𝜇𝜇 ∙ 𝐻𝐻𝑘𝑘𝐻𝐻    ⟺    𝐻𝐻𝑘𝑘𝐻𝐻 =
ln 2
𝜇𝜇

 . (7) 
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Most tabulated values of attenuation coefficients are given with the mass attenuation 
coefficient (𝜇𝜇 𝜌𝜌)⁄  to avoid  the dependence of density with separate attenuation coefficient 
tables for every density of an absorbing material. Hence the mass attenuation coefficient is 
simply the linear attenuation coefficient divided by the density of the absorbing material. 
Using the mass attenuation coefficient in (6) gives 

𝑁𝑁 = 𝑁𝑁0𝑘𝑘
−𝜇𝜇 
𝜌𝜌  𝜌𝜌𝜇𝜇 .   (8) 

 

 

Figure 4. Mass attenuation as a function of photon energy for Z=7 and Z=13 [10]. For 
Z=13, photoelectric absorption dominates the attenuation for higher photon energies than for 
Z=7.  

2.3 Production of X-ray radiation 

X-ray photons are created in an X-ray tube which consists of a glass tube with an anode and a 
cathode [11]. The cathode consists of a spiral formed filament which is subjected to a voltage 
of about 10 V. A current of a few amperes is then generated through this filament which starts 
to glow and emits electrons. The electrons are then accelerated by a tube voltage in the kV 
range between the cathode and the anode. When the electrons hit the anode most of their 
kinetic energy (99 %) is converted to thermal energy which heats up the anode but the last 
percent of their kinetic energy is emitted as X-ray photons which are generated when some of 
the electrons are accelerated in the material. This happens because the electrons are attracted 
to nearby nuclei and the attractive forces makes the electrons deflect in another direction. 
When this happens the electrons lose some of their kinetic energy which is emitted as photons 
in a process called bremsstrahlung (Figure 5). Since the X-ray photons are emitted in all 
directions, the glass tube is covered by a tube assembly which protects the surroundings 
against radiation. The X-rays that are meant for examining the patients are emitted through a 
hole in the tube assembly. 
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Figure 5. Bremsstrahlung radiation. When the electrons travel past the nucleus they are 
accelerated due to attractive coulomb forces from the nucleus. The accelerated electrons emit 
the lost kinetic energy as bremsstrahlung photons. Depending on how far from the nucleus the 
electrons travel they are accelerated to various extent with a spectrum of emitted 
bremsstrahlung photons as a result. 
 

2.3.1 The X-ray spectrum 
Depending on how close to the nuclei the electrons travel, they are accelerated to various 
extents, which generate bremsstrahlung X-ray photons of various energies (Figure 5) [11]. 
Hence a spectrum of X-ray photons is created (Figure 7). The electrons that travel closest to 
the nucleus are subjected to the largest acceleration and lose all of their kinetic energy to the 
emitted photon. Electrons that travel further out are not accelerated as much and generate less 
energetic bremsstrahlung photons. Since the electrons are more likely to travel further out 
from the nuclei, the intensity of the bremsstrahlung photons increases with lower photon 
energy. Photons with too little energy will be absorbed by all tissues and are often not of use 
in medical imaging. A large part of those photons are naturally absorbed by the glass 
containment and circulating oil. To further eliminate unnecessary photons and minimize the 
dose to the patient, a filter consisting of a 2-3 mm layer of aluminum is used [11]. This makes 
the X-ray spectrum peak at about 1/3 of the maximum photon energy. The filter used is placed 
in the radiation field before it exits the tube. The filter absorbs more of the low energy 
photons which results in an increase of the mean photon energy. The radiation is said to get 
“harder”. A problem with the filtration is that it also absorbs many useful photons that travel 
through soft tissues but is absorbed in bones, which results in good contrast in the images. So 
there is a compromise to find the best image to the lowest absorbed dose for the patient. 
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On top of the continuous spectrum there are some discrete sharp peaks which arise from 
characteristic X-rays (Figure 6) [2]. Some of the electrons that hit the anode material collide 
with and eject the orbital electrons of the atoms. The vacancies created are usually in some of 
the inner shells and they are immediately filled with electrons from shells outside of them. 
The energy lost in the transition is emitted as photons with discrete energy values (Figure 6). 
When the vacancy is located in the innermost shell (the K-shell) and is filled by an electron 
from the closest shell outside (the L-shell), the emitted photons are called 𝐾𝐾𝛼𝛼-photons. If 
instead the K-shell vacancy is filled by an electron from two shells outside the photons are 
called 𝐾𝐾𝛽𝛽-photons. Most of the electrons collide with orbital electrons located in the outer 
shells. When such vacancies are filled the emitted photons are low energetic and are absorbed 
by the anode material resulting in conversion to heat. Hence it is this process that causes 99 % 
of the kinetic energy of the electrons to end up as thermal energy [11].  

 

Figure 6. Characteristic radiation. The incident tube electron interact with an orbital 
electron through repulsive coloumb forces, resulting in the orbital electron being ejected. The 
vacancy is filled by an electron from an outer shell, resulting in the emission of 
chararacteristic X-ray photons with a well defined wave length. 
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Figure 7. The X-ray spectrum.  Depending on how close to the nuclei the electrons travel, 
they are accelerated to various extents, emitting photons with a continous spectrum of energy. 
The photons with highest energy are rarest and the electrons with lowest energy are filtered 
away resulting in the bremsstrahlung part.  The peaks on top of the continous spectrum are 
generated when the incident electrons collides with and ejects electrons of the anode 
material. When the vacancies are filled, photons of characteristic wavelengths are emitted. 

2.3.2 Tube voltage 
The maximum energy of the X-ray photons is determined by the tube voltage [11]. A larger 
tube voltage between the cathode and the anode generates electrons with higher kinetic energy 
which when they interact with the anode material, generate photons with a higher maximum 
and mean energy, since they are subjected to a higher acceleration. In medical X-ray imaging 
tube voltages of 25-150 kV are used.  

2.3.3 Tube current and time of exposure 
Other parameters that have a significant effect on the image quality and doses, are tube 
current and time of exposure [11]. A higher tube current and longer time of exposure 
generates more photons which give stronger signal to the detectors and higher absorbed dose 
to the patient. These two parameters are optimized to get enough exposure for good images 
and at the same time minimize absorbed doses to patients. As a combination of these two 
parameters the quantity current-time with the unit mAs, is used in X-ray imaging. Common 
current-time values are 1-5 mAs in lung scans, 10-50 mAs in mammography and 75-200 mAs 
in lower back scans [11]. 

2.3.4 Anode material 
Another factor of importance for generation of X-rays is the anode material [11]. The material 
needs to have high atomic number to generate enough X-rays since higher charged nuclei 
increase the probability for the electrons to be accelerated and generate X-ray photons when 
they penetrate the anode material. In fact the total intensity of the photons is proportional to 
the atomic number of the material. The material also needs to have a high enough melting 
temperature so the anode does not get overheated. A material that fits those criteria is tungsten 
(Z=74) with a melting temperature of 3370 C and that is widely used in X-ray tubes today.  
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2.4 Computed Tomography (CT) 

The imaging technique where X-rays are used to get an image of the patient’s internal 
structure is called radiography [1]. The basic principle of radiography is based on the 
difference in attenuation for soft tissues and bone. Bone tissue attenuates photons with energy 
in the radiography range to a greater extent than soft tissue does. As a result of this, the 
detectors behind the bone structures are not exposed to as many photons as the detectors 
behind the soft tissues are and hence, an image with differences between tissues is 
constructed. 

A considerable problem with radiographic images is that information from different depths of 
the body is superimposed onto a two-dimensional image [11]. A solution to this problem is to 
let the X-ray tube rotate around the patient in a circle and measure the attenuation for different 
angles. From these measurements an image of a thin slice of the patient is mathematically 
reconstructed. This method is called Computed Tomography (CT). A three-dimensional 
image can then be produced by adding several thin slices together. This three-dimensional 
image has much better low-contrast properties where finer details can be studied compared to 
radiographic images. CT therefore plays a significant role in planning surgical procedures and 
radiation therapy. During CT scans, tube voltages in the range 80-140 kV are used with the 
majority of examinations performed at 120-140 kV [1], which is significantly higher than in 
conventional radiography. Two disadvantages compared to radiography are the lower 
resolution of the image and the higher radiation doses to the patients [11]. The ring where the 
X-ray tube and detectors rotate inside is called the gantry. 

2.5 Biological effects of radiation 
2.5.1 Early and late effects 
The effect of ionizing radiation on living organisms is divided in early (deterministic), late 
(stochastic) and teratogenic (fetal) effects [11]. Early effects require large radiation doses that 
are rarely used in medical imaging. Late effects are developed after a long period of time and 
can be cancer, hereditary effects and fetal effects. Cancer for example can be developed after 
several decades. The probability of developing late effects increases with increasing radiation 
doses. The extent of the damage is not affected by the radiation dose however. Either you 
develop cancer or not. Hereditary effects are caused by injuries to the gametes3 that after 
fertilization can be inherited by the fetus. Hereditary effects have been observed in studies on 
Drosophila4 and mice but never on humans. In risk assessments the risk for hereditary effects 
is still considerable if gametes have been exposed to ionizing radiation. Radiation can also 
cause damage to a fetus, so called teratogenic effects [11]. Examples of effects are 
malformations, inhibition of physical and mental growth and also cancer later on in life. 
Radiation doses for late effects are given as effective doses (Sv). 

 

                                                           
3 The reproductive cells that unite to form individuals. 
4 Fruit fly 
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2.5.2 Radiation mechanisms on cellular level 
The effect of ionizing radiation on living cells can be divided into two different mechanisms, 
direct effect and indirect effect [12]. 

In the direct effect the radiation particles interact directly with an important molecule in the 
cell, for example the DNA-molecule (Figure 8 a). This effect is the main process for radiation 
with large LET (Linear Energy Transfer) such as alpha particles. For radiation with lower 
LET (for example X-rays and gamma rays) the indirect effect is the dominating one. In the 
indirect effect (Figure 8 a) the radiation particles interact primarily with the water molecules 
to create free radicals in a process called radiolysis [12]. Free radicals are molecules or atoms 
with an unpaired electron in their outer shell which makes them highly reactive. Hence the 
free radicals easily react with surrounding molecules in an attempt to find an electron to pair 
up with. Some of the products from the radiolysis of water are the free radicals H ∙, OH ∙  
and HO2 ∙, where the dot denotes an unpaired electron. These free radicals are created in 
various reaction mechanisms. Other products include the very toxic compound hydrogen 
peroxide (H2O2) and solvated electrons (eaq− ). The free radicals can damage the DNA-
molecule through single strand breaks, double strand breaks or damage to the bases. Single 
strand breaks occur when a bond in one of the two strands of the DNA-molecule breaks or 
when bonds on both strands breaks but the breaks are more than a couple of base pairs apart 
[12]. If the breaks are near each other the result is a double strand break (Figure 8 b). Single 
strand breaks are easily repaired by the cell and is not very critical for the survival of the cell. 
In double strand break the cell is usually not able to use the one of the strands as template to 
repair the other, as in the repair of single strand breaks. This makes double strand breaks 
much more critical for the survival of the cell. Single strand breaks are usually caused by free 
radicals whereas double strand breaks supposedly are caused by both free radicals and 
through direct effect.  

Furthermore the effect of oxygen plays an important role. If the tissue has lots of oxygen 
available the amount of free radicals is increased and the reparation of single strand breaks are 
inhibited. Hence oxygenated cells are more sensitive to ionizing radiation than anoxic cells 
[12]. 

2.5.3 Cataract 
Cataract is clouding of the eye lens [5]. The lens is made up of mainly water and crystalline 
protein. Over time the natural, transparent tertiary structures5 of the protein molecules can be 
disrupted by the breaking of covalent bonds, resulting in protein destabilization and partially 
unfolded proteins that are prone to form aggregations with other destabilized proteins [13]. 
These aggregations are insoluble and light-scattering which explains the clouding of the lens 
[13]. The result is blurred or fuzzy lens sight which cannot be corrected by wearing glasses 
[5]. Factors that contribute to the risk of developing cataract are exposure to sun light, 
ionizing radiation, diabetes, alcohol and nicotine consumption among others [5]. Cataract is 
the most common cause to blindness in the world today [5]. 

                                                           
5 The overall three-dimensional structure of the protein 
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Figure 8. a) In the direct effect the photon (in this case) interact with atoms in the DNA-
molecule, resulting in ionization and disruption of molecular bonds. In the indirect effect the 
photon interact with a water molecule, resulting in the formation of highly reactive free 
radicals which react with the DNA-molecule with disrupted molecular bonds as a 
consequence. b) Strand-breaks. When two complementary strands have breaks close to each 
other it is called a double-strand break. If the breaks are several base pairs apart it is called 
a single-strand break. 

2.6 Dosimetry 
When ionizing radiation passes through matter it transfers some of its energy through the 
interaction mechanisms mentioned earlier. To measure and calculate how the absorbed energy 
is distributed in matter is called radiation dosimetry or just dosimetry [11]. There are several 
different units used in dosimetry.  

2.6.1 Absorbed dose 
Absorbed dose (𝐷𝐷) specifies how much energy per unit mass that has been absorbed in a 
certain volume [11]. The absorbed dose is often specified as a mean absorbed dose to organs 
and tissues. Absorbed dose is measured by the SI-unit gray (Gy) where 1 Gy=1 J/kg. 
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2.6.2 Equivalent dose 
To take into account the relative effectiveness of different types of radiation in producing 
biological damage, a second unit called equivalent dose is used [11]. This is done by 
multiplying the absorbed dose with radiation weighting factors (𝑤𝑤𝑅𝑅):  

𝐻𝐻𝑇𝑇 = 𝑤𝑤𝑅𝑅𝐷𝐷�𝑇𝑇 (9) 

where 𝐻𝐻𝑇𝑇 is the equivalent dose in tissue 𝑇𝑇, 𝑤𝑤𝑅𝑅 is the radiation weighting factor for the 
radiation type 𝑅𝑅 and 𝐷𝐷�𝑇𝑇 is the absorbed dose averaged over tissue 𝑇𝑇. The size of the radiation 
weighting factors depends on how extensive biological damages the radiation types causes. 
The biological damages can increase the risk for stochastic effects like cancer. Photons and 
electrons have the lowest radiation weighting factors (𝑤𝑤𝑅𝑅 =1) whereas alpha particles have 
much larger factors (𝑤𝑤𝑅𝑅 =20). Hence a certain absorbed dose of alpha particles have an 
equivalent dose that is 20 times higher than the same absorbed dose of photons or electrons. 
The basic unit used to measure equivalent dose is just as for absorbed dose J/kg but instead 
the special unit sievert (Sv) is used where 1 Sv = 1 J/kg. 
 
The equivalent dose replaces an earlier but similar quantity, the dose equivalent [1], which is 
calculated the same way but with the exception that the absorbed dose is multiplied by a 
quality factor (Q) instead 

𝐻𝐻𝑇𝑇 = 𝑄𝑄𝐷𝐷�𝑇𝑇  . (10) 

The dose equivalent is an important and measureable quantity which is defined by the 
International Commission on Radiation Units and Measurements (ICRU). The personal dose 
equivalent 𝐻𝐻𝑝𝑝(𝑑𝑑) is used to determine doses to individuals and is defined as the dose 
equivalent at a depth d below the position of a dosemeter in ICRU tissue [12]. 

2.6.3 Effective dose 
To further take into account that biological tissues vary in sensitivity to the late effects of 
ionizing radiation, a third unit called effective dose (𝐸𝐸) is used [11]. The effective dose is 
calculated by multiplying the equivalent doses (𝐻𝐻𝑇𝑇) for each organ with a tissue weighting 
factor (𝑤𝑤𝑇𝑇): 

𝐸𝐸 = �𝑤𝑤𝑇𝑇𝐻𝐻𝑇𝑇
𝑇𝑇

= �𝑤𝑤𝑇𝑇�𝑤𝑤𝑅𝑅𝐷𝐷�𝑇𝑇,𝑅𝑅
𝑅𝑅𝑇𝑇

 .      (11) 

Hence the effective dose is expressed as the sum of doubly weighted absorbed doses in all 
tissues and organs in the body, where the relative biological effect of the radiation types and 
the specific risk to develop late effects for the different tissues and organs is taken into 
account. Hence the same effective dose is supposed to give the same probability of 
developing late effects no matter how the radiation dose has been distributed in the body. The 
unit used to measure effective dose is just like for equivalent dose, sievert (Sv).  
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2.6.4 Kerma 
Another useful quantity for measuring radiation doses is kerma (kinetic energy released per 
unit mass) [12]. Kerma specifies how much energy that is transferred from photons to 
electrons per unit mass at a certain position. 
The kerma can be calculated from  

𝐾𝐾 = 𝜓𝜓�
𝜇𝜇𝑡𝑡𝑡𝑡
𝜌𝜌
�
𝐸𝐸

  (12) 

where 𝜓𝜓 is the energy fluence and (𝜇𝜇𝑡𝑡𝑡𝑡 𝜌𝜌⁄ )𝐸𝐸 is the mass energy transfer coefficient of the 
absorber for a given energy E, that specifies how much of the incoming photon energy that is 
transferred to the ejected electrons. 
The energy fluence (𝜓𝜓) is the number of photons passing through a cross sectional area 
(Φ(E)) multiplied by the energy (E) the photons. In the general case 𝜓𝜓 is calculated by 
integrating over a range of photon energies by  

𝜓𝜓 = � Φ(𝐸𝐸)𝑑𝑑𝐸𝐸
𝐸𝐸2

𝐸𝐸1
 . (13) 

For the special case of monoenergetic photons the energy fluence is given by  

𝜓𝜓 = ΦE . (14) 

The mass energy transfer coefficient is the mass attenuation coefficient multiplied by the 
fraction of the energy of the interacting photons that is transferred to the electrons as kinetic 
energy. Hence (𝜇𝜇𝑡𝑡𝑡𝑡 𝜌𝜌⁄ )𝐸𝐸 is analogous to the cross section of the photons at a given energy. 
Equation (12) is related to the common formula from particle physics linking the fluence of 
particles with the frequency of interactions or decays (𝑅𝑅) by the cross section (σ) [7]: 

𝑅𝑅 = Φσ . (15) 

Hence the kerma is analogous to 𝑅𝑅 when energy fluence is measured. 
 The energy from X-rays or gamma rays is deposited to matter in a two-step process. First the 
photons generate free electrons through photoelectric absorption, Compton scattering or pair 
production. As a second step the electrons deposit their energy by ionization and excitation of 
nearby molecules in the medium through collisions with orbital electrons [12]. However some 
of the electrons can avoid collisions with orbital electrons and instead be accelerated due to 
their attraction to nuclei, which generate bremsstrahlung [12]. The bremsstrahlung photons 
emitted usually travel away from the site and deposit their energy relatively far away. The 
connection between absorbed dose and kerma can be written 

𝐷𝐷 = 𝐾𝐾(1 − 𝑔𝑔) (16) 

where 𝑔𝑔 is the part of the kinetic energy from the electrons that are emitted through 
bremsstrahlung [12].  In the case with no bremsstrahlung the absorbed dose is equal to the 
kerma. At radiological photon energies, absorbed dose and kerma are considered equal [14]. 
Just like for the other quantities mentioned the base unit for kerma is J/kg and the special unit 
used is just like for absorbed dose Gy. 
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2.7 Calculation of absorbed doses with the Monte Carlo method 

To estimate absorbed doses in X-ray imaging, predicting the transport of photons and 
electrons is essential. In radiation physics, it is very difficult to solve transport problems of 
particles analytically. However, a solution for these problems is found by using the Monte 
Carlo method. The Monte Carlo method is a valuable method for studying transport of 
particles through matter in radiation physics [15] 
In the Monte Carlo method the paths of single particles are studied as they interact with the 
atoms in the material of interest and the position, energy and direction of the particles are 
decided at each interaction coordinate. The particles are studied as long as they are in the 
material and have energies that exceed a certain value. 

2.7.1 Monte Carlo simulations for photon transports 
It is impossible to predict the outcome for each individual photon but for a large number of 
photons with a known energy distribution the behavior can be calculated [15]. This is done by 
simulating photon paths from the probabilities of their different outcomes. 
 
The simulation starts by deciding the incident energy, direction and place of the first 
interaction for the photon. 
 
In the second step the type of interaction mechanism is decided from the probabilities of the 
different mechanisms at the given photon energy and material.  
If the photon interacts by photoelectric absorption, the path is terminated if no emission of 
characteristic X-ray photons occurs. 
If scattering occur, the type of scattering (Compton or Rayleigh scattering) and the deflection 
angle of the photon are decided from the probabilities of each scattering mechanism and the 
distribution of deflection angles at the given photon energy and material. 
If pair production occur, two annihilation photons are generated in random (but opposite) 
directions. 
 
In the next step the path length of the photon to the next interaction site is determined from 
the attenuation properties of the material. 
 
Scattered photons are followed if they are still present in the volume of interest and their 
energies exceed a cut off value. Otherwise new photons are followed starting with the first 
step. 
 
In each step, random numbers are generated using pseudo-random number generators, to 
make selections from known cross sections and energy distributions, for example the Klein-
Nishina distribution for Compton scattering. By studying a large number of photons there is a 
fairly good idea of the amount of energy that has been absorbed in the volume of interest. 
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2.7.2 Monte Carlo simulations for electron transports 
To complete calculations for absorbed dose one needs to examine the paths of ejected 
electrons from the interactions if they exceed a certain energy. However this is a more 
complicated process [15] than studying photon paths and will not be dealt with in this brief 
explanation of the Monte Carlo method. 

2.8 Clinical dosimetry in CT 

In addition to the mentioned dosimetric quantities there are several modality-specific 
quantities. In CT the quantities Volume CTDI (CTDIVol) and Dose Length Product (DLP) are 
of interest. 

2.8.1 CTDIVol 
The CTDI (Computed Tomography Dose Index) is an index that was originally not designed 
as a dosimetric quantity but today it is standard for indication of patient doses in CT [1]. The 
CTDI100 is first calculated from the dose distributions measured by 100 mm long pencil-
formed ionization chambers which are placed in the center and periphery inside a PMMA6 
phantom. There are two different phantoms used, a body phantom of 32 cm in diameter and a 
head phantom of 16 cm in diameter.  A weighted CTDI100 value is then calculated by 

𝐶𝐶𝑇𝑇𝐷𝐷𝐼𝐼𝑤𝑤 =
1
3
𝐶𝐶𝑇𝑇𝐷𝐷𝐼𝐼100,𝑠𝑠𝑒𝑒𝑐𝑐𝑡𝑡𝑒𝑒𝑡𝑡 +

2
3
𝐶𝐶𝑇𝑇𝐷𝐷𝐼𝐼100,𝑝𝑝𝑒𝑒𝑡𝑡𝑝𝑝𝑝𝑝ℎ𝑒𝑒𝑡𝑡𝑒𝑒. (17) 

Equation (17) has proven to be a good estimation of the average dose to the phantom.  
 
The CTDIVol (Volume CDTI) is then defined as  

𝐶𝐶𝑇𝑇𝐷𝐷𝐼𝐼𝑣𝑣𝑣𝑣𝑣𝑣 =
𝐶𝐶𝑇𝑇𝐷𝐷𝐼𝐼𝑤𝑤
𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ

 (18) 

where the pitch is defined as the table translation distance (in mm) divided by the X-ray beam 
width [1]. Most CT scanners have the ability to display the CTDIVol values at a range of 
energies [1]. The CTDIVol  values are displayed as mGy on most CT´s. 

2.8.2 DLP 
The DLP (Dose Length Product) is defined as 

𝐷𝐷𝐻𝐻𝑃𝑃 = 𝐶𝐶𝑇𝑇𝐷𝐷𝐼𝐼𝑣𝑣𝑣𝑣𝑣𝑣 × 𝑙𝑙 (19) 

where 𝑙𝑙 is the length of the CT scan along the patient’s length (z-axis) [1]. It has been shown 
that the effective dose of the patient is proportional to the DLP and the proportionality 
constant is called the k value or conversion factor and is measured in mSv/mGycm. The k 
values differ depending on which CT procedure is used. 
                                                           
6 Polymethylmethacrylate: Also known as Lucite or Pespex, is a plastic material that is similar to soft tissue with 
Z=6.5 and a density of 1.18 kg/dm3 [1]. 
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Since the effective dose is proportional to the DLP, normalizations for all possible DLP 
values can be made by 

𝐸𝐸2 =
(𝐷𝐷𝐻𝐻𝑃𝑃)2
(𝐷𝐷𝐻𝐻𝑃𝑃)1

𝐸𝐸1. (20) 

 

2.9 Scattered radiation in X-ray procedures  

There are three types of sources to X-ray radiation exposure during examinations and they are 
primary radiation, scattered radiation and leakage radiation [1]. The primary radiation is the 
beam of X-rays that travels to the patient and is called the useful beam. Leakage radiation is 
the X-rays that escapes through the gantry and are not part of the useful beam. Scattered 
radiation arises from the interaction of the primary radiation with the patient and is considered 
as a separate radiation source with basically the same photon energy spectrum as the primary 
radiation. Hence, scattered radiation contributes to the risk for personnel during X-ray 
procedures. 

2.9.1 Scattered radiation in CT procedures  
In CT the gantry acts as a strong radiation barrier, thus the scattered radiation is highly 
directional, being largest along the patient table [1]. 
 

2.10 Radiation dose limits 

The aims of the work with radiation protection is to prevent early effects such as skin 
erythema and to minimize late effects such as cancer and hereditary effects [11]. Hence, no 
individuals are allowed to be exposed to radiation doses that exceed the threshold doses set by 
the ICRP presented in Table 1. However threshold dose limits to workers and the public that 
are stipulated by radiation authorities should be regarded as upper limits rather than as 
acceptable doses or thresholds of safety. In fact, the occupational exposures of ionizing 
radiation most often result in doses far below these limits [11]. 
 
Table 1. Dose limits set by ICRP [5],[16] 

Staff dose from radiation exposure situations Dose limit (mSv) 

Annual effective dose 50 

Effective dose during 5 consecutive years 100 

Annual equivalent dose to the eye lens 50 

Equivalent dose to the eye lens during 5 consecutive years 100 

Annual equivalent dose to the skin, arms and legs 500 
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As a comparison the average Swedish citizen is approximatively subjected to a yearly 
effective dose of 4 mSv where radon in homes is the main source with 2 mSv. Other sources 
of radiation are; medical radiation 1 mSv, gamma radiation from the soil 0.5 mSv, the cosmic 
background radiation 0.3 mSv, Potassium-40 inside the body 0.2 mSv and other radiation 
sources 0.3 mSv [11]. 
 
However the limits are not valid for patients that are subjected to medical radiation. The need 
to perform medical radiation imaging in an attempt to diagnose and/or treat a patient is 
considered more important than the relatively minor risk for late effects due to the radiation. 
 
In addition to the specified dose limits, all institutions with license to conduct operations that 
require the use of ionizing radiation are required to implement radiation safety programs to 
ensure that radiation exposure to personnel and members of the public are kept as low as 
reasonable achievable (ALARA) [1]. 

2.10.1 Equivalent dose limits for the human eye lens 
In April 2011 ICRP lowered the recommended equivalent dose to the human eye lens from 
150 mSv/year to 20 mSv/year for professionals working with ionizing radiation [6]. In recent 
years studies that have been conducted to approximate the equivalent doses to the human eye 
lens for professionals working with X-ray procedures, have indicated a certain risk for the 
professionals to exceed 20 mSv/year [6]. To estimate the equivalent dose to the human eye 
lens the personal dose equivalent at 3 mm depth in soft tissue, 𝐻𝐻𝑝𝑝(3), is the quantity 
recommended by the International Commission on Radiation Units and Measurements 
(ICRU). However conversion factors from air kerma to 𝐻𝐻𝑝𝑝(3) are not available in any 
international standard today so instead conversion factors from air kerma to the personal dose 
equivalent at 0.07 mm depth, 𝐻𝐻𝑝𝑝(0.07), are used [6]. It should be noted that the equivalent 
dose to the eye lens is overestimated for all photon energies used in X-ray guided procedures 
with the use of 𝐻𝐻𝑝𝑝(0.07). In radiation protection it is preferred to overestimate instead of 
underestimate a quantity. Hence 𝐻𝐻𝑝𝑝(0.07) is preferred over 𝐻𝐻𝑝𝑝(10) as long as there are no 
conversion factors available for 𝐻𝐻𝑝𝑝(3).  

2.11 Radiological protection 
There are several factors that determine how large dose a person absorbs and some of them 
are possible to control by the method of work to reduce the dose. 

2.11.1 Distance from the source 
Photons emitted from a point source are emitted in isotropic fashion, hence equally in all 
directions, the photons distribute themselves equally on a sphere with the surface area 4𝜋𝜋𝑟𝑟2 
[11]. The same amount of photons will travel through a sphere no matter its radius which is 
the distance to the radiation source. As a result the intensity of the radiation decreases with the 
square of the radius: 

𝐼𝐼 ∝
1
𝑟𝑟2

 . (21) 
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This relationship is called the inverse square law and can be used for X-ray photons travelling 
through air. However, it must be stressed that in radiation situations like X-ray imaging, the 
scattered radiation of a patient is not scattered off a point source but instead from a 
complicated external and internal geometry of the patient and from bound electrons in various 
elements. Furthermore the radiation will be more or less favored to be scattered in certain 
directions due to details of interactions, e.g. the Thomson or Klein-Nishina cross sections. 
Hence modelling scattered radiation as an isotropic radiation source is not ideal but might still 
be a reasonable approximation to the real situation. Regardless, significant efforts should be 
made to maximize the distance from the radiation source while still performing the necessary 
tasks at hand. 

2.11.2 Time of exposure 
The absorbed dose increases linearly with the time a person stays in a constant field. Hence to 
reduce the absorbed dose, an effort to perform the tasks as fast as possible should be made [1]. 

2.11.3 Protective shielding 
There are several items that can be used by personnel to minimize their exposure to ionizing 
radiation during medical X-ray procedures. 
The primary protection equipment is the lead apron that is worn by all personnel who must 
work in the room during X-ray examinations [1]. The shielding ability of the apron is 
measured in lead equivalent thicknesses. To provide flexibility it is constructed of exterior 
rubber with interior lead. Aprons protect the torso, upper legs and eventually the back if they 
come in wrap around design. 
For X-ray imaging procedures with lower photon energies there are aprons available which 
are made of lighter material than lead such as tin or barium. For photon energies above 100 
kV, which are used in most CT examinations, the shielding from these materials decline fast 
and hence lead aprons are preferred [1]. 
 
Since the aprons do not protect the thyroid gland or the eyes there are leaded thyroid shields 
and leaded glasses available in many examinations. Thyroid shields wrap around the neck and 
provide shielding in a similar way as the apron does. Leaded glasses are not as effective at 
shielding radiation as aprons or thyroid shields [1]. 
 
The medical staff operating in the CT room examined in this thesis had access to lead aprons 
with 0.35 mm lead equivalence, skirts and vest with 0.25 mm lead equivalence, thyroid 
shields with 0.5 mm lead equivalence and leaded glass with 0.5 mm lead equivalence [17]. 

2.12 Detectors 

The basic principle for all detectors of ionizing radiation is to generate free electrons that can 
be detected in various ways [12]. Two type of detectors that are frequently used are 
scintillation detectors and semiconductor detectors. 
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In scintillation detectors, the X-ray photons generate free electrons from the material which in 
turn leave their kinetic energies to excite molecules in the material [12]. When the molecules 
are deexcited to lower energies, photons of visible light are emitted in what is called 
scintillation light. The scintillation photons can be detected by light sensitive photodiodes that 
generate a current that is proportional to the intensity of the scintillation light. 

In semiconductor detectors, also called solid-state detectors, the photon interact with an 
electron, giving it energy that exceeds the bandgap energy [12]. The free electron generates 
other free electrons by giving them enough kinetic energy that exceeds the bandgap energy, 
through collisions. By adding a voltage across the semiconductor, the free electrons generate 
an electric current which is registered.  
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3. Method 

3.1 Equipment 

3.1.1 CT 
The CT used in the measurement was the model Somatom definition by Siemens [18]  
(Figure 9). 

 

Figure 9. The CT used in the experiment with the anthropomorphic Alderson phantom inside 
the gantry. 
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3.1.2 Detectors 
The radiation was measured by the two different semiconductor radiation detectors; Solidose 
R100 detector from RTI electronics AB [19] and Raysafe X2 detector together with the X2 
R/F sensor from Unfors Raysafe AB [20]. The detectors are presented in Figure 10 and 11. 

 

Figure 10. Solidose with the R100 detector from RTI electronics AB. A semiconductor 
detector with an inaccuracy of ±5 % at doses larger than 1.0 µGy and with random errors of 
±1 % or ±10 nGy [19]. 

 

 

Figure 11. Raysafe X2 with the semiconductor detector X2 R/F from Unfors Raysafe AB.  
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3.1.3 Phantom 
To simulate a real CT situation, an anthropomorphic7 Alderson phantom (Figure 12) made 
from the tissue-equivalent plastic material A-150 was used [17],[21]. The phantom had a 
thorax part of model RS-111 and a pelvis part of model RS-113 [21] which were placed on 
their backsides at the patient table with the isocenter focused at the third vertebra below the 
lungs. A piece if surgical tape was attached to the phantom and a line was drawn on the tape 
at the isocenter so that the phantom could be positioned equally in all measurements.  
 

 

Figure 12. The anthropomorphic Alderson phantom models RS-111 (top) and RS-113 
(bottom) used in the measurements to simulate a patient. 

 

 

                                                           
7 With human characteristics. 
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3.2 Measurement setup 

For the measurements to be conducted as smoothly as possible a two-dimensional cartesian 
coordinate system (Figure 13) for the room was first constructed on plywood boards that 
could easily be removed and added to the floor for measurements to take place during several 
days without disturbing the cleaning routines in the room. The plywood boards were replaced 
in the exact same position every day by using reference points on the floor. The origin of the 
coordinate system was chosen to be at the isocenter. The radiation environment behind the CT 
was examined since it is not uncommon for staff to operate there during CT multi-traumas 
performed on other CT´s at Karlstad Central Hospital. 

 

Figure 13.  a) Presenting the coordinate system with the measurement points in front of the 
CT. The origin is at the isocenter and the operator position is highlighted with a red circle. 
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b) Presenting the coordinate system with the measurement coordinates behind the CT. The 
origin is at the isocenter. 

 

The detectors were attached with surgical tape on a rolling stand at 4 different heights with 
measurements being conducted at two heights at a time; 170 cm (eye level), 135 cm (thorax), 
110 cm (abdomen) and 55 cm (knees).  
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3.3 Measurements 
Air kerma values were measured using three different X-ray tube voltages; 100 kV, 120 kV 
and 140 kV. A tube current of 200 mAs was used at all measurements. The DLP values at 
each tube voltages used were 7 mGycm for 100 kV, 11.8 mGycm for 120 kV and 17.9 
mGycm for 140 kV. 

In the second measurement, the shielding efficiency of a lead apron with 0.35 mm lead 
equivalence was examined. Air kerma values were measured at the operator position, with 
and without the apron being held in front of the detectors, at the heights 170 cm, 135 cm, 110 
cm and 55 cm and using the tube voltages 100 kV, 120 kV and 140 kV. 

3.4 Calculations 
3.4.1 Maximum and mean photon energies of scattered radiation 
Spectra of scattered radiation from another anthropomorphic Alderson phantom, using X-ray 
tube voltages of 70, 75, 80, 90, 100 and 110 kV, were acquired along with a spectrum from a 
57Co137Cs source [17]. Using the 57Co137Cs spectrum, the photon energies of the scattered X-
ray radiation spectra were calibrated since the decay energies of 57Co and 137Cs are well 
defined. 57Co emits gamma-photons with 122 keV in 85.5 % of the decays, whereas 137Cs 
emits gamma-photons with 661.7 keV in 85.0 % of the decays [22]. From each spectra the 
maximum photon energies were estimated graphically and the mean photon energies were 
calculated by  

𝐸𝐸𝑝𝑝ℎ𝑣𝑣𝑡𝑡𝑣𝑣𝑐𝑐���������� =
∑ 𝑁𝑁𝑝𝑝𝐸𝐸𝑝𝑝ℎ𝑣𝑣𝑡𝑡𝑣𝑣𝑐𝑐,𝑝𝑝𝑝𝑝

∑ 𝑁𝑁𝑝𝑝𝑝𝑝 
 (22) 

where 𝐸𝐸𝑝𝑝ℎ𝑣𝑣𝑡𝑡𝑣𝑣𝑐𝑐 ���������� is the mean photon energy and 𝑁𝑁𝑝𝑝 is the number of photons with energy 
𝐸𝐸𝑝𝑝ℎ𝑣𝑣𝑡𝑡𝑣𝑣𝑐𝑐,𝑝𝑝.  

3.4.2 Estimation of effective dose 
To calculate the effective doses to the medical staff operating in the CT room, the Monte 
Carlo based computer program PCXMC was used. PCXMC is normally used to calculate 
patient organ doses and effective doses in medical X-ray examinations such as radiography 
and fluoroscopy [23]. By studying a large number of photons from X-ray spectra with Monte 
Carlo simulations, the mean values of energy depositions can be calculated using the cross 
sections for photoelectric absorption, Compton scattering and Rayleigh scattering from Storm 
and Israel (1970) and the atomic form factors and Compton scattering functions from Hubell 
et al. (1975). Other interactions are not considered in PCXMC, because the maximum photon 
energies are limited to 150 keV. For dose calculations several different mathematical 
phantoms representing human bodies of various ages are used [23]. 29 organs and tissues in 
the mathematical phantoms are modelled by more or less complicated geometrical shapes. 
From the calculated equivalent doses in the modelled organs and tissues, conversion factors 
from air kerma to effective dose are then calculated by using the present tissue weighting 
factors of ICRP Publication 60 (1991) and size-adjustable hermaphrodite phantoms [23]. 
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As input parameters, PCXMC uses the maximum energy of the photons and the filter 
corresponding to the mean energy of the X-ray spectrum. Since there are no filters from 
scattered X-rays, a fictive filter was used. This fictive filter (in mm Cu) was calculated by the 
online tool for simulation of X-ray spectra by Siemens [24], using the estimated maximum 
energies and calculated mean energies for photons from the scattered spectra in section 3.4.1. 
A larger filtration removes more of the low energy photons than those with high energy and 
hence the mean photon energy is increased.  

The conversion factors from air kerma to effective dose for unprotected staff (𝐸𝐸𝑘𝑘) and for the 
part of the body covered by the lead apron (𝐸𝐸𝑘𝑘,𝑎𝑎𝑝𝑝𝑡𝑡𝑣𝑣𝑐𝑐) were calculated by PCXMC using the 
geometrical models seen in Figure 14. The conversion factor from air kerma to effective dose 
for protected personnel (𝐸𝐸𝑘𝑘,𝑝𝑝𝑡𝑡)  was then calculated by  

𝐸𝐸𝑘𝑘,𝑝𝑝𝑡𝑡 = 𝐸𝐸𝑘𝑘 − 𝐸𝐸𝑘𝑘,𝑎𝑎𝑝𝑝𝑡𝑡𝑣𝑣𝑐𝑐 . (23) 
 
a) b) 

  
Figure 14. The mathematical phantoms used in PCXMC [23] to model 
a) Unprotected staff  
b) The part of the body covered by the protective lead apron.  
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From the conversion factors, the effective dose to unprotected staff (𝐸𝐸) and protected staff 
(𝐸𝐸𝑃𝑃𝑡𝑡) at all the coordinates presented in Figure 13 were calculated by 

𝐸𝐸 = 𝐸𝐸𝑘𝑘𝐾𝐾𝑎𝑎,𝑡𝑡ℎ𝑣𝑣𝑡𝑡𝑎𝑎𝜇𝜇       (24) 

and 

𝐸𝐸𝑃𝑃𝑡𝑡 = 𝐸𝐸𝑘𝑘,𝑝𝑝𝑡𝑡𝐾𝐾𝑎𝑎,𝑡𝑡ℎ𝑣𝑣𝑡𝑡𝑎𝑎𝜇𝜇 (25) 

where 𝐾𝐾𝑎𝑎,𝑡𝑡ℎ𝑣𝑣𝑡𝑡𝑎𝑎𝜇𝜇  are the measured air kerma values at 135 cm (estimated height of the thorax).  
The air kerma values at the height of the thorax were used because the density of organs and 
tissues, sensitive to the effects of radiation is highest around that height, giving the best risk 
assessment. 

3.4.3 Estimation of equivalent dose to the eye lens 
Since the equivalent eye lens dose could not be calculated by PCXMC, tabulated conversion 
factors from air kerma (𝐾𝐾𝑎𝑎) to 𝐻𝐻𝑝𝑝(0.07) (the personal dose equivalent at 0.07 mm) for 
monoenergetic photons were used to overestimate the conversion factors from air kerma to 
equivalent eye lens dose instead [6]. However, since the scattered radiation had spectra of 
photons with a wide range of energies, a mean value of the tabulated conversion factors was 
calculated. This was done by reconstructing a photon spectrum in the simulation of X-ray 
spectra from Siemens, using the maximum energy of the scattered photons and the filter 
calculated earlier by the same tool. The mean value of the conversion factor was then 
calculated by 

𝐻𝐻𝑝𝑝(0.07) 𝐾𝐾𝑎𝑎⁄����������������� =
∑ 𝑁𝑁𝑝𝑝�𝐻𝐻𝑝𝑝(0.07) 𝐾𝐾𝑎𝑎⁄ �

𝑝𝑝𝑝𝑝=10,15,20 𝑘𝑘𝑒𝑒𝐻𝐻…

∑ 𝑁𝑁𝑝𝑝𝑝𝑝=10,15,20 𝑘𝑘𝑒𝑒𝐻𝐻… 
 (26) 

where 𝐻𝐻𝑝𝑝(0.07) 𝐾𝐾𝑎𝑎⁄����������������� is the mean value of the conversion factors, 𝑁𝑁𝑝𝑝 is the number of photons 
for each photon energy level, �𝐻𝐻𝑝𝑝(0.07) 𝐾𝐾𝑎𝑎⁄ �

𝑝𝑝
 is the corresponding tabulated value of the 

conversion factors at each energy level and 𝑝𝑝 corresponds to photon energy values of 10, 15, 
20, 25 keV… 

The equivalent dose to the human eye lens was then estimated by  

𝐻𝐻𝐸𝐸𝑒𝑒𝑒𝑒 = 𝐻𝐻𝑝𝑝(0.07) 𝐾𝐾𝑎𝑎⁄����������������� ⋅ 𝐾𝐾𝑎𝑎,𝐸𝐸𝑒𝑒𝑒𝑒 . (27) 
 

3.4.4 Estimation of annual dose values 
After studying the log from Dosewatch, which is an internal archive of parameters from all X-
ray examinations performed, and after an interview with the radiologist performing CT-
guided punctures most frequently [4], it was estimated that 100 CT-guided punctures with an 
average DLP value of 1000 mGycm were performed annually. Using this estimation, the 
annual doses received by staff operating in the room were calculated. 
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The annual effective doses for unprotected staff were calculated at every coordinate by 

𝐸𝐸𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴𝑎𝑎𝑣𝑣 = 100𝐸𝐸𝑃𝑃𝑡𝑡𝑣𝑣𝑠𝑠𝑒𝑒𝑃𝑃𝐴𝐴𝑡𝑡𝑒𝑒 = 100𝐸𝐸
(𝐷𝐷𝐻𝐻𝑃𝑃)𝑃𝑃𝑡𝑡𝑣𝑣𝑠𝑠𝑒𝑒𝑃𝑃𝐴𝐴𝑡𝑡𝑒𝑒
(𝐷𝐷𝐻𝐻𝑃𝑃)𝑀𝑀𝑒𝑒𝑎𝑎𝑠𝑠𝐴𝐴𝑡𝑡𝑒𝑒𝑃𝑃

 . (28) 

The annual effective doses for staff wearing a protective lead apron were calculated at every 
coordinate by 

𝐸𝐸𝑃𝑃𝑡𝑡,𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴𝑎𝑎𝑣𝑣 = 100𝐸𝐸𝑃𝑃𝑡𝑡,𝑃𝑃𝑡𝑡𝑣𝑣𝑠𝑠𝑒𝑒𝑃𝑃𝐴𝐴𝑡𝑡𝑒𝑒 = 100𝐸𝐸𝑃𝑃𝑡𝑡
(𝐷𝐷𝐻𝐻𝑃𝑃)𝑃𝑃𝑡𝑡𝑣𝑣𝑠𝑠𝑒𝑒𝑃𝑃𝐴𝐴𝑡𝑡𝑒𝑒
(𝐷𝐷𝐻𝐻𝑃𝑃)𝑀𝑀𝑒𝑒𝑎𝑎𝑠𝑠𝐴𝐴𝑡𝑡𝑒𝑒𝑃𝑃

 . (29) 

The annual equivalent eye lens doses were calculated at every coordinate by 

𝐻𝐻𝐸𝐸𝑒𝑒𝑒𝑒,𝐴𝐴𝑐𝑐𝑐𝑐𝐴𝐴𝑎𝑎𝑣𝑣 = 100𝐻𝐻𝐸𝐸𝑒𝑒𝑒𝑒,𝑃𝑃𝑡𝑡𝑣𝑣𝑠𝑠𝑒𝑒𝑃𝑃𝐴𝐴𝑡𝑡𝑒𝑒 = 100𝐻𝐻𝐸𝐸𝑒𝑒𝑒𝑒
(𝐷𝐷𝐻𝐻𝑃𝑃)𝑃𝑃𝑡𝑡𝑣𝑣𝑠𝑠𝑒𝑒𝑃𝑃𝐴𝐴𝑡𝑡𝑒𝑒 

(𝐷𝐷𝐻𝐻𝑃𝑃)𝑀𝑀𝑒𝑒𝑎𝑎𝑠𝑠𝐴𝐴𝑡𝑡𝑒𝑒𝑃𝑃
 . (30) 

The calculated annual dose values were compared with the dose limits set by ICRP. 

3.4.5 Lead equivalence in a protective apron 
Using the measured values of air kerma at 100 kV tube voltage and the tabulated value of the 
mass attenuation coefficent for 100 keV photons [25],the lead equivalence of the protective 
apron was calculated using equation (8) 

𝑁𝑁 = 𝑁𝑁0𝑘𝑘
−𝜇𝜇 
𝜌𝜌  𝜌𝜌𝜇𝜇      ⇔      𝑥𝑥 =

ln �𝑁𝑁𝑁𝑁0
�

−𝜇𝜇 
𝜌𝜌  𝜌𝜌

 . 

 

(31) 

Then using that  

𝑁𝑁
𝑁𝑁0

=
𝜓𝜓
𝜓𝜓0

=

𝐾𝐾
�𝜇𝜇𝑡𝑡𝑡𝑡𝜌𝜌 �

𝐸𝐸

�

𝐾𝐾0
�𝜇𝜇𝑡𝑡𝑡𝑡𝜌𝜌 �

𝐸𝐸
�

=
𝐾𝐾
𝐾𝐾0

        (32) 

gives 

𝑥𝑥 =
ln �𝐾𝐾𝐾𝐾0

�

−𝜇𝜇 
𝜌𝜌  𝜌𝜌

 .           (33) 

The lead equivalence was calculated using the air kerma values at 110 and 135 cm since the 
detectors at the other heights were not shielded by the apron. Finally a mean value of the lead 
equivalence was calculated. 
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3.4.6 Comparing data with predicitons by the inverse square law 
To evaluate how well the measured dose distribution follows the inverse square law, four sets 
of points along lines extending from the isocenter and corresponding to two fixed angles from 
the gantry and two fixed heights from the floor, were chosen. The two heights used were the 
height of the thorax (135 cm) and the height of the abdomen (110 cm) whereas the chosen 
angles from the gantry were 45 ˚ and 63.4 ˚ (Figure 15). The chosen sets of points seemed to 
have minimal shielding from the gantry and patient table. The coordinates closest to the 
isocenter were chosen as reference points and the air kerma values along the lines extending 
from the isocenter were calculated by 

Ka,calculated = �
rreference point

rcalculated
�
2

Ka,reference point . (34). 

To compare the calculated air kerma values with the measured values, the ratio  Ka,calculated
Ka,measured

   

was computed. 

 
Figure 15. The set of points examined for comparison of measured dose values with values 
predicted by the inverse square law. 𝜃𝜃 is the angle between the gantry and the examined 
directions. 



Method 

34 
 

3.4.7 Data visualization 

Color maps were constructed in MATLAB to visualize the dose distribution in the room at all 
three tube voltages used. To graphically compare the dose distributions of the different tube 
voltages better, the same dose range of the color maps was used. 
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4. Results 

4.1 Measured air kerma values 

The air kerma values measured at each coordinate in Figure 13 are presented in the appendix 
(p. 53). 

4.2 Maximum and mean photon energies from spectra of scattered radiation 

The estimated maximum photon energy values (Escattered,max) and the calculated mean 
photon energy values  (Escattered,mean) from the spectra of scattered radiation from section 
3.4.1 are presented in Table 2 along with the fictive filter calculated by the simulation of X-
ray spectra by Siemens from section 3.4.2. 

Table 2. Maximum and mean photon energies along with the corresponding fictive filter, for 
spectra of scattered radiation from an anthropomorphic Alderson phantom. 

𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓 
(𝐤𝐤𝐤𝐤) 

𝐄𝐄𝐬𝐬𝐬𝐬𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬𝐓𝐓𝐬𝐬,𝐦𝐦𝐯𝐯𝐦𝐦 
(𝐤𝐤𝐓𝐓𝐤𝐤) 

𝐄𝐄𝐬𝐬𝐬𝐬𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬𝐓𝐓𝐬𝐬,𝐦𝐦𝐓𝐓𝐯𝐯𝐦𝐦 
(𝐤𝐤𝐓𝐓𝐤𝐤) 

𝐅𝐅𝐅𝐅𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬 
(𝐦𝐦𝐦𝐦 𝐂𝐂𝐓𝐓) 

70 58 38.7 0.11 
75 61 40.0 0.11 
80 64 41.1 0.11 
90 70 43.4 0.11 

100 75 45.6 0.12 
110 80 47.7 0.12 

 

4.3 Conversion factors from air kerma to effective dose 

The conversion factors from air kerma to effective dose for unprotected staff (Ek) and for the 
part of body covered by a protective lead apron  (Ek.apron), that were calculated by the 
computer program PCXMC in section 3.4.2 are presented in Table 3. The conversion factor 
from air kerma to effective dose for protected staff (Ek,pr) was calculated by subtracting 
 Ek.apron from Ek. The maximum energies of scattered photons using 120 and 140 kV tube 
voltage were extrapolated from the values in Table 2. 

Table 3. Conversion factors from air kerma to effective dose 

𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓 
(𝐤𝐤𝐤𝐤) 

𝐄𝐄𝐬𝐬𝐬𝐬𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬𝐓𝐓𝐬𝐬,𝐦𝐦𝐯𝐯𝐦𝐦 
(𝐤𝐤𝐓𝐓𝐤𝐤) 

𝐅𝐅𝐅𝐅𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬 
(𝐦𝐦𝐦𝐦 𝐂𝐂𝐓𝐓) 

𝐄𝐄𝐤𝐤 
(𝐦𝐦𝐒𝐒𝐯𝐯 𝐦𝐦𝐦𝐦𝐦𝐦)⁄  

𝐄𝐄𝐤𝐤,𝐯𝐯𝐚𝐚𝐬𝐬𝐯𝐯𝐦𝐦 
(𝐦𝐦𝐒𝐒𝐯𝐯 𝐦𝐦𝐦𝐦𝐦𝐦)⁄  

𝐄𝐄𝐤𝐤.𝐏𝐏𝐬𝐬 
(𝐦𝐦𝐒𝐒𝐯𝐯 𝐦𝐦𝐦𝐦𝐦𝐦)⁄  

100 kV 75 0.12 0.568 0.503 0.065 
120 kV 84 0.12 0.662 0.585 0.076 
140 kV 91 0.12 0.725 0.641 0.084 
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4.4 Conversion factors from air kerma to equivalent dose to the eye lens 

The mean conversion factor from air kerma to equivalent eye lens dose � Hp(0.07) Ka⁄����������������� �, that 
was calculated from the spectra of scattered radiation and tabulated values of conversion 
factors for monoenergetic photons in section 3.4.3 are presented in Table 4. 

Table 4. Mean conversion factors from air kerma to equivalent eye lens dose, for scattered 
radiation from an anthropomorphic Alderson phantom using different tube voltages. 

𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓 
(𝐤𝐤𝐤𝐤) 

𝐇𝐇𝐚𝐚(𝟎𝟎.𝟎𝟎𝟎𝟎) 𝐊𝐊𝐯𝐯⁄������������������ 
(𝐒𝐒𝐯𝐯 𝐦𝐦𝐦𝐦)⁄  

100 kV 1.511 
120 kV 1.549 
140 kV 1.568 

 

4.5 Estimated annual doses 

The estimated annual effective doses to unprotected staff (EAnnual) and to staff wearing a lead 
apron (EPr,Annual ) calculated in section 3.4.4, as well as the estimated annual equivalent eye 
lens doses (HEye,Annual ) calculated in section 3.4.4, are presented in Table 5 at all 
coordinates. The dose values have been normalized to 100 procedures per year and a DLP 
value of 1000 mGycm per procedure using equations (27), (28) and (29) from section 3.4.4. 

Table 5. Estimated annual doses. Coordinates refers to Figure 13 in section 3.2.  

𝐂𝐂𝐯𝐯𝐯𝐯𝐬𝐬𝐬𝐬𝐅𝐅𝐦𝐦𝐯𝐯𝐯𝐯𝐓𝐓 (𝐬𝐬𝐦𝐦) 𝐄𝐄𝐀𝐀𝐦𝐦𝐦𝐦𝐓𝐓𝐯𝐯𝐯𝐯 (𝐦𝐦𝐒𝐒𝐯𝐯) 𝐄𝐄𝐏𝐏𝐬𝐬,𝐀𝐀𝐦𝐦𝐦𝐦𝐓𝐓𝐯𝐯𝐯𝐯 (𝐦𝐦𝐒𝐒𝐯𝐯) 𝐇𝐇𝐄𝐄𝐦𝐦𝐓𝐓,𝐀𝐀𝐦𝐦𝐦𝐦𝐓𝐓𝐯𝐯𝐯𝐯 (𝐦𝐦𝐒𝐒𝐯𝐯) 

x y 100 
kV 

120 
kV 

140 
kV 

100 
kV 

120 
kV 

140 
kV 

100 
kV 

120 
kV 

140 
kV 

0 -200 0.7 0.9 1.1 0.1 0.1 0.1 2.5 2.9 3.0 
0 -140 1.7 2.2 2.5 0.2 0.3 0.3 6.8 7.4 7.7 
0 -80 6.5 8.0 8.9 0.7 0.9 1.0 18.6 20.1 21.1 
0 300 0.4 0.5 0.6 0.0 0.1 0.1 1.1 1.1 1.3 
0 360 0.3 0.3 0.4 0.0 0.0 0.0 0.7 0.9 0.9 
0 420 0.2 0.3 0.3 0.0 0.0 0.0 0.4 0.6 0.6 

60 -200 1.1 1.3 1.5 0.1 0.1 0.2 3.5 3.6 3.7 
60 -140 2.9 3.7 3.9 0.3 0.4 0.5 7.8 8.7 8.6 
60 -80 10.2 12.2 13.6 1.2 1.4 1.6 4.0 4.9 5.3 
60 60 14.3 17.8 19.8 1.6 2.1 2.3 4.7 6.2 7.8 
60 120 4.7 5.2 6.1 0.5 0.6 0.7 11.7 12.1 12.8 
60 180 1.8 2.1 2.4 0.2 0.2 0.3 4.7 5.3 5.5 
60 240 0.8 1.0 1.1 0.1 0.1 0.1 2.2 2.6 2.8 
60 300 0.2 0.6 0.7 0.0 0.1 0.1 0.3 1.5 1.7 
60 360 0.3 0.4 0.5 0.0 0.0 0.1 0.9 0.6 1.1 
60 420 0.2 0.3 0.3 0.0 0.0 0.0 0.7 0.8 0.8 



Results 

37 
 

𝐂𝐂𝐯𝐯𝐯𝐯𝐬𝐬𝐬𝐬𝐅𝐅𝐦𝐦𝐯𝐯𝐯𝐯𝐓𝐓 (𝐬𝐬𝐦𝐦) 𝐄𝐄𝐀𝐀𝐦𝐦𝐦𝐦𝐓𝐓𝐯𝐯𝐯𝐯 (𝐦𝐦𝐒𝐒𝐯𝐯) 𝐄𝐄𝐏𝐏𝐬𝐬,𝐀𝐀𝐦𝐦𝐦𝐦𝐓𝐓𝐯𝐯𝐯𝐯 (𝐦𝐦𝐒𝐒𝐯𝐯) 𝐇𝐇𝐄𝐄𝐦𝐦𝐓𝐓,𝐀𝐀𝐦𝐦𝐦𝐦𝐓𝐓𝐯𝐯𝐯𝐯 (𝐦𝐦𝐒𝐒𝐯𝐯) 

x y 100 
kV 

120 
kV 

140 
kV 

100 
kV 

120 
kV 

140 
kV 

100 
kV 

120 
kV 

140 
kV 

120 -200 1.6 1.9 2.2 0.2 0.2 0.3 4.1 4.3 4.4 
120 -140 3.1 3.7 4.0 0.4 0.4 0.5 4.5 5.4 5.1 
120 -80 0.3 0.4 0.5 0.0 0.0 0.1 0.4 0.5 0.6 
120 60 0.8 1.2 1.7 0.1 0.1 0.2 2.1 3.2 3.3 
120 120 4.1 5.0 5.5 0.5 0.6 0.6 7.8 8.8 8.8 
120 180 2.1 2.5 2.7 0.2 0.3 0.3 6.4 5.8 5.9 
120 240 1.2 1.3 1.5 0.1 0.2 0.2 3.0 3.2 3.4 
120 300 0.6 0.9 0.9 0.1 0.1 0.1 1.4 1.9 2.1 
120 360 0.4 0.5 0.5 0.0 0.1 0.1 1.0 1.2 1.3 
120 420 0.3 0.3 0.4 0.0 0.0 0.0 0.8 0.9 0.7 

180 -200 1.1 1.4 1.7 0.1 0.2 0.2 2.4 2.5 2.7 
180 -140 0.3 0.4 0.5 0.0 0.1 0.1 0.6 0.6 0.8 
180 -80 0.0 0.0 0.1 0.0 0.0 0.0 0.6 0.0 0.1 
180 60 0.3 0.5 0.7 0.0 0.1 0.1 0.7 1.3 1.4 
180 120 0.6 1.0 1.1 0.1 0.1 0.1 1.2 1.5 2.1 
180 180 1.6 2.0 2.4 0.2 0.2 0.3 4.4 4.6 4.8 
180 240 1.1 1.3 1.5 0.1 0.2 0.2 3.0 3.2 3.3 
180 300 0.7 0.9 0.9 0.1 0.1 0.1 1.9 1.9 2.1 
180 360 0.5 0.5 0.6 0.1 0.1 0.1 1.1 1.4 1.5 
180 420 0.3 0.4 0.4 0.0 0.0 0.1 0.8 0.9 1.0 

240 -80 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 
240 60 0.0 0.1 0.2 0.0 0.0 0.0 0.0 0.3 0.3 
240 120 0.4 0.4 0.6 0.0 0.0 0.1 0.5 0.9 1.0 
240 180 0.6 0.7 0.9 0.1 0.1 0.1 1.0 1.4 1.7 
240 240 1.0 1.1 1.3 0.1 0.1 0.1 2.4 2.7 2.8 
240 300 0.7 0.8 1.0 0.1 0.1 0.1 1.8 2.0 2.1 
240 360 0.5 0.6 0.7 0.1 0.1 0.1 1.3 1.5 1.5 
240 420 0.3 0.4 0.5 0.0 0.0 0.1 0.8 1.1 1.1 

300 60 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 
300 120 0.2 0.3 0.3 0.0 0.0 0.0 0.0 0.4 0.5 
300 180 0.2 0.3 0.4 0.0 0.0 0.0 0.3 0.8 0.8 
300 240 0.3 0.5 0.6 0.0 0.1 0.1 0.8 1.0 1.2 
300 300 0.5 0.6 0.9 0.1 0.1 0.1 1.4 1.6 1.6 
300 360 0.5 0.6 0.6 0.1 0.1 0.1 1.1 1.4 1.2 
300 420 0.3 0.3 0.5 0.0 0.0 0.1 0.7 1.0 1.1 
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4.6 Shielding efficiency of a protective lead apron 

The air kerma values measured by the detectors with a protective lead apron in front of 
them (𝐾𝐾𝑎𝑎,𝑝𝑝𝑡𝑡𝑣𝑣𝑡𝑡𝑒𝑒𝑠𝑠𝑡𝑡𝑒𝑒𝑃𝑃)  and without a protective lead apron in front of them (𝐾𝐾𝑎𝑎,𝐴𝐴𝑐𝑐𝑝𝑝𝑡𝑡𝑣𝑣𝑡𝑡𝑒𝑒𝑠𝑠𝑡𝑡𝑒𝑒𝑃𝑃) are 
presented in Table 6. The detectors were placed in the operator position at the heights 170, 
135, 110 and 55 cm, using the tube voltages 100, 120 and 140 kV. The lead apron was 
supposed to have a lead equivalence of 0.35 mm. 

Table 6. Air kerma values for detectors at the operator position referred to in Figure 13, with 
and without a protective lead apron in front of them. 

𝐇𝐇𝐓𝐓𝐅𝐅𝐯𝐯𝐇𝐇𝐯𝐯 
(𝐬𝐬𝐦𝐦) 

𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓 
(𝐤𝐤𝐤𝐤) 

𝐊𝐊𝐯𝐯,𝐓𝐓𝐦𝐦𝐚𝐚𝐬𝐬𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬𝐯𝐯𝐓𝐓𝐬𝐬  
(𝛍𝛍𝐦𝐦𝐦𝐦) 

𝐊𝐊𝐯𝐯,𝐚𝐚𝐬𝐬𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬𝐯𝐯𝐓𝐓𝐬𝐬  
(𝛍𝛍𝐦𝐦𝐦𝐦) 

55  
100 1.385 1.412 
120 2.472 2.520 
140 3.727 3.722 

110 
100  2.138 0.177 
120  3.760 0.458 
140 5.784 0.954 

135 
100  1.839 0.133 
120  3.198 0.366 
140 4.861 0.725 

170 
100  0.179 0.183 
120  0.404 0.395 
140  0.717 0.731 

 

Using the tabulated values of the mass attenuation coefficient at 100 kV (µ ρ⁄ =
5.549 cm2 𝑔𝑔⁄ ) and density of lead (11.35 g cm3⁄  ) in equation (33) from section 3.4.5 along 
with the air kerma values at 135 cm gives 

 

𝑥𝑥 =
ln �𝐾𝐾𝐾𝐾0

�

−𝜇𝜇 
𝜌𝜌  𝜌𝜌

=   
ln �0.133

1.839�
−5.549 ⋅ 11.35

= 0.0417 cm = 0.417 mm. 

 

Repeating the calculations for 110 cm gives a lead equivalence of 0.396 mm. This gives a 
mean value of 0.4065 𝑚𝑚𝑚𝑚 ≈ 0.41 𝑚𝑚𝑚𝑚 lead equivalence. 
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4.7 Comparing data with predictions by the inverse square law 

The measured air kerma values (Ka,measured) and the values calculated by the inverse square 
law (Ka,calculated) using equation (34) from section 3.4.6, are presented in Table 7 along with 
the ratio Ka,calculated/Ka,measured , for the height of the thorax at 135 cm. 

 

Table 7. Measured air kerma values compared with air kerma values calculated by the inverse 
square law at the height of the thorax (135 cm), for points along the red and blue lines in 
Figure 15 from section 3.4.6. 

𝜽𝜽 
(°) 

𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓 
(𝒌𝒌𝒌𝒌) 

𝐦𝐦 
(𝒄𝒄𝒄𝒄) 

𝒚𝒚 
(𝒄𝒄𝒄𝒄) 

𝒓𝒓 
(𝒄𝒄𝒄𝒄) 

𝐊𝐊𝐯𝐯,𝐦𝐦𝐓𝐓𝐯𝐯𝐬𝐬𝐓𝐓𝐬𝐬𝐓𝐓𝐬𝐬 
(𝝁𝝁𝝁𝝁𝒚𝒚) 

𝐊𝐊𝐯𝐯,𝐬𝐬𝐯𝐯𝐯𝐯𝐬𝐬𝐓𝐓𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬 
(𝝁𝝁𝝁𝝁𝒚𝒚) 

𝐊𝐊𝐯𝐯,𝐬𝐬𝐯𝐯𝐯𝐯𝐬𝐬𝐓𝐓𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬

𝐊𝐊𝐯𝐯,𝐦𝐦𝐓𝐓𝐯𝐯𝐬𝐬𝐓𝐓𝐬𝐬𝐓𝐓𝐬𝐬
 

 
100 

60 60 85 1.76 1.76 1.00 

45 

120 120 170 0.50 0.44 0.88 
180 180 255 0.20 0.20 0.98 
240 240 339 0.12 0.11 0.92 

120 
60 60 85 3.19 3.19 1.00 
120 120 170 0.89 0.80 0.90 
180 180 255 0.37 0.35 0.96 
240 240 339 0.20 0.20 1.00 

140 

60 60 85 4.86 4.86 1.00 
120 120 170 1.35 1.22 0.90 
180 180 255 0.59 0.54 0.92 
240 240 339 0.31 0.30 0.98 

63.4 

100 
60 120 134 0.58 0.58 1.00 
120 240 268 0.14 0.15 1.04 
180 360 402 0.06 0.06 1.07 

120 
60 120 134 0.94 0.94 1.00 
120 240 268 0.24 0.24 0.98 
180 360 402 0.10 0.10 1.04 

140 
60 120 134 1.50 1.50 1.00 
120 240 268 0.38 0.38 0.99 
180 360 402 0.15 0.17 1.11 
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The measured air kerma values (Ka,measured) and the values calculated by the inverse square 
law (Ka,calculated) using equation (34) from section 3.4.6, are presented in Table 8 along with 
the ratio Ka,calculated/Ka,measured , for the height of the abdomen at 110 cm. 

 

Table 8. Measured air kerma values compared with air kerma values calculated by the inverse 
square law at the height of the abdomen (110 cm), for points along the red and blue lines in 
Figure 15 from section 3.4.6. 

𝜽𝜽 
(°) 

𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓 
(𝒌𝒌𝒌𝒌) 

𝐦𝐦 
(𝒄𝒄𝒄𝒄) 

𝒚𝒚 
(𝒄𝒄𝒄𝒄) 

𝒓𝒓 
(𝒄𝒄𝒄𝒄) 

𝐊𝐊𝐯𝐯,𝐦𝐦𝐓𝐓𝐯𝐯𝐬𝐬𝐓𝐓𝐬𝐬𝐓𝐓𝐬𝐬 
(𝝁𝝁𝝁𝝁𝒚𝒚) 

𝐊𝐊𝐯𝐯,𝐬𝐬𝐯𝐯𝐯𝐯𝐬𝐬𝐓𝐓𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬 
(𝝁𝝁𝝁𝝁𝒚𝒚) 

𝐊𝐊𝐯𝐯,𝐬𝐬𝐯𝐯𝐯𝐯𝐬𝐬𝐓𝐓𝐯𝐯𝐯𝐯𝐯𝐯𝐓𝐓𝐬𝐬

𝐊𝐊𝐯𝐯,𝐦𝐦𝐓𝐓𝐯𝐯𝐬𝐬𝐓𝐓𝐬𝐬𝐓𝐓𝐬𝐬
 

 
100 

60 60 85 2.11 2.11 1.00 

45 

120 120 170 0.51 0.53 1.03 
180 180 255 0.20 0.23 1.17 
240 240 339 0.11 0.13 1.20 

120 
60 60 85 3.70 3.70 1.00 
120 120 170 0.84 0.93 1.10 
180 180 255 0.36 0.41 1.14 
240 240 339 0.21 0.23 1.10 

140 

60 60 85 5.74 5.74 1.00 
120 120 170 1.36 1.44 1.06 
180 180 255 0.56 0.64 1.14 
240 240 339 0.32 0.36 1.12 

63.4 

100 
60 120 134 0.54 0.54 1.00 
120 240 268 0.14 0.14 0.96 
180 360 402 0.05 0.06 1.20 

120 
60 120 134 0.93 0.93 1.00 
120 240 268 0.24 0.23 0.97 
180 360 402 0.11 0.10 0.94 

140 
60 120 134 1.45 1.45 1.00 
120 240 268 0.39 0.36 0.93 
180 360 402 0.16 0.16 1.01 
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4.8 Data visualization 

The estimated annual effective dose values for unprotected staff from Table 5 are visualized 
by color maps presented in Figure 16.  

  

  

Figure 16. a) Color maps presenting the estimated annual effective dose to unprotected staff 
using the tube voltages 100, 120 and 140 kV, in front of the CT at the coordinates presented 
in Figure 13 a) in section 3.2. The colorbar indicates effective dose in mSv. 
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b) Color maps presenting the estimated annual effective dose to unprotected staff using the 
tube voltages 100, 120 and 140 kV, behind the CT at the coordinates presented in Figure 13 
b) in section 3.2. The colorbar indicates effective dose in mSv. 
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The estimated annual effective dose values for protected staff wearing a lead apron, from 
Table 5 are visualized by color maps presented in Figure 17.  

  

 

  

 
Figure 17 a) Color maps presenting the estimated annual effective dose to protected staff 
wearing a lead apron, using the tube voltages 100, 120 and 140 kV, in front of the CT at the 
coordinates presented in Figure 13 a) in section 3.2. The colorbar indicates effective dose in 
mSv. 
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b) Color maps presenting the estimated annual effective dose to protected staff wearing a lead 
apron, using the tube voltages 100, 120 and 140 kV, behind the CT at the coordinates 
presented in Figure 13 b) in section 3.2. The colorbar indicates effective dose in mSv. 
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The estimated annual equivalent eye lens dose from Table 5, are visualized by color maps 
presented in Figure 18.  

  

  

Figure 18 a) Color maps presenting the estimated annual equivalent eye lens dose, using the 
tube voltages 100, 120 and 140 kV, in front of the CT, at the coordinates presented in Figure 
13 a) in section 3.2. The colorbar indicates effective dose in mSv. 
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b) Color maps presenting the estimated annual equivalent eye lens dose, using the tube 
voltages 100, 120 and 140 kV, behind the CT, at the coordinates presented in Figure 13 b) in 
section 3.2. The colorbar indicates effective dose in mSv. 
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5. Discussion 

5.1 Data analysis 

The significant shielding effects from the gantry and examination table can be clearly seen 
from the data. The effects would presumably have been even clearer if a larger amount of data 
points had been acquired in the examined range. The shielding from the gantry is especially 
noticeable at eye level, causing the maximum of the dose distribution to be shifted outward 
along the patient table and from the operator position closest to the phantom. However there 
are probably significant differences in absorbed dose to the eyes at that position depending on 
the length of the operator. The shielding effect from the examination table can be seen at all 
heights but more clearly on data from the lower heights. The shielding at eye level by the 
patient table was not as obvious through inspection by eye though. On the backside of the CT, 
the gantry effect is as noticeable as in the front. 
The effect of the lead apron is clearly seen by the measurements conducted. The protective 
lead apron absorbed about 92-93 % of the radiation at 100 kV, 88-89 % at 120 kV and 84-85 
% at 140 kV. The decrease in shielding efficiency at higher photon energies is expected. From 
the measurement with the protective lead apron, the shielding efficiency is found to be higher 
than what is specified on the apron. 
Predicting the dose values by the inverse square law along unshielded directions seems to 
work well. 

The dose values increases at almost every coordinate when using higher tube voltages. This is 
partially explained by the increasing conversion factors from air kerma to effective dose and 
from air kerma to equivalent eye lens dose. But even after correction for the difference in 
conversion factors, most of the dose values are higher for increased tube voltage. The reason 
for this could be the increasing amount of photons interacting through Compton scattering 
instead of photoelectric absorption. Photoelectric absorption is significant for all of the 
examined tube voltages but decreases with increasing tube voltage. 
On the other hand, an increase in photon energy results in a higher amount of forward 
scattered photons according to the Klein-Nishina cross section. A consequence of this could 
be a radiation distribution that gets more concentrated in the plane of the gantry, which would 
result in decreasing dose values at most coordinates. However the effect from more photons 
interacting through Compton scattering seems to dominate the effect from the angular 
scattering distribution being more concentrated in the forward direction. 
However, the many simplifications made when arguing like this must be stressed. One 
parameter that complicates predictions of this kind is the effect from secondary and tertiary 
scattering and so on. Even if the primary scattering would be highly favored to be scattered in 
a forward direction, the secondary and tertiary scattering could result in higher deflection 
angles contributing to higher dose values in the room. However, this effect might be neglected 
for higher photon energies than in this thesis, since a majority of the photons would only be 
scattered once or not at all. Other parameters affecting the scattered radiation distribution are 
the complicated external and internal geometry of the phantom and the fact that the photons 
are scattered off bound electrons in a range of different elements, which makes the Klein-
Nishina formula an approximation. 
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5.2 Error estimation  

Since the rolling stand with the detectors attached to it was placed on top of the measured 
coordinate system, there is an estimated error in the positioning relative to the coordinate 
system of 3 cm. This kind of error is therefore most significant at coordinates closer to the CT 
and not shielded the gantry or table. Another positioning error is in the angular positioning of 
the rolling stand resulting in the detectors not being completely perpendicular to the scattered 
radiation. An angular error of ±5 degrees is estimated which gives an error of the measured air 
kerma of 1 % (cos (5°) ≈ 0.01). 
 
The material used in the phantom could differ slightly from human tissue in its interaction 
with radiation which would affect the measured doses. 
 
A minor source of error is most likely found in the calculation of 𝐻𝐻𝑝𝑝(0.07) 𝐾𝐾𝑎𝑎⁄����������������� where only 
the photons with energies of every fifth kV were counted. Weighting for every kV would give 
a more precise value of  𝐻𝐻𝑝𝑝(0.07) 𝐾𝐾𝑎𝑎⁄�����������������. 
 
It should be noted that the tabulated values of the conversion factors 𝐻𝐻𝑝𝑝(0.07) 𝐾𝐾𝑎𝑎⁄  
overestimates the conversion factors from air kerma to eye lens dose. Hence, the calculated 
mean values are also estimations no matter how carefully weighted they are. Perhaps the use 
of 𝐻𝐻𝑝𝑝(3) 𝐾𝐾𝑎𝑎⁄  would give more correct values for the eye lens doses but at least 𝐻𝐻𝑝𝑝(0.07) 
overestimates the equivalent dose so that should not be regarded as a problem. However, 
underestimating the dose would have been a problem. 
 
The models used in PCXMC to estimate the conversion factors 𝐸𝐸𝑘𝑘 and  𝐸𝐸𝑘𝑘,𝑃𝑃𝑡𝑡, most likely 
contain significant errors as well. To begin with, the conversion factor 𝐸𝐸𝑘𝑘,𝑃𝑃𝑡𝑡 for protected 
personnel was approximated by subtracting the conversion factor for the part of the body 
covered by a protective lead apron. Hence the lead apron was assumed to shield 100 % of the 
radiation which was confirmed not to be the case in measurements. Calculations using the real 
shielding efficiencies of the apron would result in higher estimated effective doses. 
Furthermore, the mathematical phantoms used by PCXMC to calculate organ doses and 
effective doses are probably not ideal models of the human body. 
 
The estimation that the mean DLP value of the CT-guided punctures is 1000 mGycm and that 
100 such procedures are performed during a year by the radiologist interviewed, are both 
rough estimations which most probably contains significant errors. A more extensive review 
of the Dosewatch log would give more exact values of the mean DLP value and the frequency 
of procedures. 
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5.3 Further development 

The measurements could be improved if more data points, especially closer to the CT are 
examined. That would give a clearer picture of the radiation environment there since the 
strong shielding effect by the gantry had such a significant impact. Further improvements 
could be to execute several sets of measurements to reduce the errors of misplaced detectors, 
the signals from the detectors and the errors from the CT.  
 
An interesting idea could be to construct a simulation of how the radiation environment will 
look like without the shielding from the gantry and patient table. This model could be 
estimated from the inverse square law and the angular scattering dependence on photon 
energies using the Klein-Nishina formula. However, it is important to be aware of the many 
simplifications made when constructing such a model since the Klein-Nishina formula is valid 
only for free electrons. In reality the electrons are bound to atoms of different elements more 
or less complicated. The photons could also be scattered several times inside the phantom 
before leaving it. Furthermore the advanced external and internal geometry of the patient 
complicates the scattering calculations. Also, due to the spectra of scattered radiation, 
integration over a range of photon energies would have to be done. 

 
It could also be interesting to study the dose distribution in the room using higher tube 
voltages than the ones used in this thesis. It is not unreasonable to think that the dose 
distribution would become more centered in the plane of the gantry as a result of the favored 
forward scattering predicted by the Klein-Nishina cross section when using higher photon 
energies. However, such measurements would have little relevance in X-ray imaging since 
such photon energies are not of use there. 
 
As a study of how patient geometry affects the scattered radiation distribution, the 
measurements could be conducted using a larger phantom or a phantom with a different shape 
than the slim one used in this thesis. 
 
Another parameter that could be examined when studying scattered radiation is the slice 
thickness of the CT-scans. It is well established that increasing slice thicknesses contributes to 
more scattered radiation [17]. 
 
The measurements could of course be conducted on other CT´s. The radiation environment 
would most probably differ significantly due to the geometry, model and age of the CT. 
 
The need for estimating and mapping the effective doses to unprotected staff during CT-
guided procedures could be debated since all of the staff performing such procedures is 
wearing protective lead aprons. However this thesis could be used for educational purpose for 
the staff to realize the importance of protective shielding.  
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6. Conclusion 
Three-dimensional maps of the dose distribution around a CT were constructed from 
measurements of air kerma at 204 different coordinates in space and by using three different 
tube voltages. From the measured air kerma values, the effective doses to unprotected and 
protected staff were estimated by using spectra from scattered X-ray radiation, a simulation of 
X-ray spectra and the computer program PCXMC. From the air kerma values, the equivalent 
dose to the eye lens was estimated by using spectra from scattered X-ray radiation and 
tabulated values of conversion factors from air kerma to the personal dose equivalent at 0.07 
mm depth, Hp(0.07). The effectiveness of a protective lead apron, regularly used in CT-guided 
procedures in the examined room was also examined. 
 
The increasing absorbed doses, when using higher tube voltages, confirms that a larger part of 
the radiation is scattered at higher photon energies. The effective shielding of the CT gantry is 
quite noticeable as the radiation doses decreases fast when approaching it. The shielding from 
the patient table is also noticeable, especially at lower heights but a certain shielding at eye 
level is noticed which was not as obvious from inspection by eye. The radiation distribution 
along directions with minimal shielding seems to follow the inverse square law well. The 
shielding efficiency of the protective lead apron decreases for higher photon energies, which 
is expected. 
 
From information about the frequency and durations of CT-guided procedures, the estimated 
annual effective dose is 1.6-2.3 mSv for protected personnel and 14.3-19.8 mSv for 
unprotected personnel at the operator position. The estimated annual equivalent dose to the 
eye lens is 4.7-7.8 mSv at the operator position. All annual accumulated doses at the operator 
position are below the annual threshold values of 20 mSv set by the ICRP. Since the operator 
is not positioned at the operator position the whole procedure the doses are most likely well 
below the estimated ones. 
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Appendix 
Table 9. Measured air kerma values at all coordinates in Figure 13 (section 3.2) and at the 
heights 170 and 135 cm, using the X-ray tube voltages 100 kV, 120 kV and 140 kV. A tube 
current of 200 mAs was used in all measurements. The DLP values at each tube voltages used 
were 7 mGycm for 100 kV, 11.8 mGycm for 120 kV and 17.9 mGycm for 140 kV. 

Koordinat (cm) Ka at 170 cm (µGy) Ka at 135 cm (µGy) 

x y 100 kV 120 kV 140 kV 100 kV 120 kV 140 kV 
0 -200 0.12 0.22 0.35 0.09 0.17 0.26 
0 -140 0.32 0.57 0.88 0.21 0.40 0.62 
0 -80 0.86 1.55 2.39 0.80 1.45 2.19 

0 300 0.05 0.08 0.15 0.05 0.09 0.14 
0 360 0.03 0.07 0.10 0.04 0.06 0.10 
0 420 0.02 0.05 0.07 0.02 0.05 0.07 
60 -200 0.16 0.28 0.42 0.14 0.23 0.36 
60 -140 0.36 0.67 0.98 0.36 0.66 0.96 
60 -80 0.18 0.37 0.60 1.26 2.20 3.33 
60 60 0.22 0.47 0.88 1.76 3.19 4.86 
60 120 0.54 0.93 1.45 0.58 0.94 1.50 
60 180 0.22 0.41 0.62 0.22 0.38 0.60 
60 240 0.10 0.20 0.31 0.10 0.18 0.28 

60 300 0.02 0.12 0.19 0.02 0.10 0.17 
60 360 0.04 0.04 0.12 0.03 0.06 0.11 
60 420 0.03 0.06 0.09 0.03 0.06 0.07 

120 -200 0.19 0.33 0.50 0.19 0.34 0.53 
120 -140 0.21 0.41 0.58 0.38 0.66 0.99 
120 -80 0.02 0.04 0.06 0.04 0.07 0.13 
120 60 0.10 0.20 0.38 0.10 0.21 0.42 
120 120 0.36 0.67 1.00 0.50 0.89 1.35 
120 180 0.30 0.45 0.67 0.25 0.45 0.67 
120 240 0.14 0.24 0.39 0.14 0.24 0.38 
120 300 0.06 0.14 0.24 0.08 0.16 0.22 
120 360 0.05 0.09 0.15 0.05 0.09 0.13 
120 420 0.04 0.07 0.08 0.03 0.06 0.10 
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Koordinat (cm) Ka at 170 cm (µGy) Ka at 135 cm (µGy) 

x y 100 kV 120 kV 140 kV 100 kV 120 kV 140 kV 
180 -200 0.11 0.20 0.30 0.14 0.25 0.41 
180 -140 0.03 0.05 0.09 0.04 0.08 0.13 
180 -80 0.03 0.00 0.01 0.00 0.00 0.03 
180 60 0.03 0.10 0.16 0.04 0.09 0.16 
180 120 0.05 0.13 0.24 0.08 0.18 0.28 
180 180 0.20 0.35 0.55 0.20 0.37 0.59 
180 240 0.14 0.24 0.37 0.13 0.24 0.37 
180 300 0.09 0.14 0.24 0.09 0.16 0.22 
180 360 0.05 0.11 0.17 0.06 0.10 0.15 
180 420 0.04 0.07 0.11 0.04 0.07 0.11 
240 -80 0.00 0.00 0.01 0.00 0.00 0.00 
240 60 0.00 0.02 0.04 0.00 0.02 0.04 
240 120 0.02 0.07 0.12 0.04 0.07 0.14 
240 180 0.05 0.11 0.19 0.07 0.12 0.23 
240 240 0.11 0.21 0.32 0.12 0.20 0.31 
240 300 0.08 0.16 0.24 0.09 0.15 0.24 
240 360 0.06 0.11 0.17 0.06 0.11 0.17 
240 420 0.04 0.08 0.12 0.04 0.08 0.13 
300 60 0.00 0.00 0.02 0.00 0.00 0.00 
300 120 0.00 0.03 0.06 0.02 0.05 0.07 
300 180 0.01 0.06 0.10 0.03 0.06 0.10 
300 240 0.04 0.07 0.14 0.04 0.08 0.15 
300 300 0.06 0.12 0.18 0.06 0.11 0.22 
300 360 0.05 0.10 0.14 0.06 0.10 0.15 
300 420 0.03 0.08 0.12 0.04 0.06 0.12 
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Table 10. Measured air kerma values at all coordinates in Figure 13 (section 3.2) and at the 
heights 110 and 55 cm,  using the X-ray tube voltages 100 kV, 120 kV and 140 kV. A tube 
current of 200 mAs was used in all measurements. The DLP values at each tube voltages used 
were 7 mGycm for 100 kV, 11.8 mGycm for 120 kV and 17.9 mGycm for 140 kV. 

Koordinat (cm) Ka at 110 cm (µGy) Ka at 55 cm (µGy) 

x y 100 kV 120 kV 140 kV 100 kV 120 kV 140 kV 
0 -200 0.09 0.18 0.28 0.16 0.28 0.42 
0 -140 0.17 0.30 0.50 0.39 0.67 1.08 
0 -80 0.44 0.82 1.31 1.51 2.64 3.89 

0 300 0.03 0.06 0.09 0.00 0.00 0.02 
0 360 0.01 0.04 0.07 0.00 0.00 0.02 
0 420 0.01 0.03 0.05 0.00 0.00 0.02 
60 -200 0.11 0.19 0.30 0.16 0.29 0.44 
60 -140 0.34 0.55 0.95 0.41 0.67 1.09 
60 -80 1.24 2.16 3.40 1.12 1.94 2.90 
60 60 2.11 3.70 5.74 1.56 2.75 4.46 
60 120 0.52 0.85 1.47 0.39 0.61 1.11 
60 180 0.18 0.32 0.50 0.06 0.10 0.17 
60 240 0.07 0.15 0.22 0.02 0.04 0.07 

60 300 0.02 0.06 0.13 0.00 0.02 0.05 
60 360 0.01 0.04 0.08 0.00 0.02 0.03 
60 420 0.00 0.03 0.05 0.00 0.00 0.03 

120 -200 0.18 0.33 0.49 0.20 0.35 0.52 
120 -140 0.37 0.62 0.94 0.32 0.59 0.74 
120 -80 0.04 0.07 0.15 0.04 0.05 0.10 
120 60 0.15 0.24 0.61 0.09 0.17 0.35 
120 120 0.51 0.84 1.36 0.45 0.74 1.19 
120 180 0.23 0.42 0.63 0.21 0.38 0.58 
120 240 0.12 0.21 0.33 0.08 0.13 0.22 
120 300 0.07 0.11 0.18 0.04 0.06 0.11 
120 360 0.04 0.07 0.12 0.02 0.03 0.07 
120 420 0.01 0.04 0.07 0.00 0.02 0.05 
180 -200 0.14 0.26 0.36 0.12 0.21 0.30 
180 -140 0.04 0.07 0.12 0.04 0.06 0.11 
180 -80 0.00 0.01 0.02 0.00 0.00 0.00 
180 60 0.05 0.10 0.18 0.04 0.08 0.14 
180 120 0.08 0.17 0.30 0.09 0.17 0.29 
180 180 0.20 0.36 0.56 0.19 0.33 0.52 
180 240 0.13 0.24 0.36 0.12 0.22 0.33 
180 300 0.08 0.14 0.22 0.07 0.13 0.19 
180 360 0.04 0.09 0.14 0.04 0.07 0.12 
180 420 0.03 0.06 0.09 0.02 0.04 0.07 
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Koordinat (cm) Ka at 110 cm (µGy) Ka at 55 cm (µGy) 

x y 100 kV 120 kV 140 kV 100 kV 120 kV 140 kV 
240 -80 0.00 0.00 0.00 0.00 0.00 0.00 
240 60 0.00 0.02 0.04 0.00 0.02 0.04 
240 120 0.03 0.08 0.14 0.04 0.09 0.14 
240 180 0.06 0.11 0.20 0.06 0.11 0.20 
240 240 0.11 0.20 0.31 0.11 0.19 0.31 
240 300 0.08 0.14 0.23 0.08 0.13 0.22 
240 360 0.06 0.10 0.11 0.04 0.10 0.15 
240 420 0.03 0.06 0.11 0.03 0.06 0.10 
300 60 0.00 0.00 0.02 0.00 0.00 0.03 
300 120 0.01 0.04 0.07 0.00 0.04 0.05 
300 180 0.03 0.07 0.11 0.04 0.06 0.11 
300 240 0.04 0.08 0.13 0.05 0.08 0.13 
300 300 0.07 0.12 0.19 0.08 0.12 0.18 
300 360 0.05 0.09 0.15 0.06 0.09 0.14 
300 420 0.04 0.08 0.11 0.03 0.07 0.11 
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