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ABSTRACT 

. 

This study was carried out to estimate the examination frequency and collective dose to 

population from CT procedures in Sudan. To calculate the annual collective dose from 

CT examinations a survey was done at 10 hospitals providing data of examinations 

frequency per day. The data of effective dose have been obtained from previous study on 

effective dose per CT examination in Sudan. Then the annual examination frequency and 

annual collective effective dose had been calculated and discussed providing that the 

annual collective effective dose from CT examinations is (1482 man.Sv). The highest 

percentage examination frequency was for head examination (40%). The highest 

percentage contribution to the total collective dose from CT examinations was for 

abdomen examinations (32%). The calculated annual examination frequency and annual 

collective effective dose had been compared with the results of literature and 

international studies to evaluate the estimated values. The calculated annual collective 

dose from CT examinations is much lower comparing with the results presented in the 

literature.  The study offers an insight on the examination frequency and the percentage 

of the risk from different standard radiographic examinations within the country.   
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Chapter One:  

GENERAL INTRODUCTION 

1.1 Introduction 

  The radiological community has been aware of the increasing contribution from medical 

use of ionizing radiation to the annual collective effective dose resulting from man-made 

radiation sources. The population exposure control for medical use of ionizing radiation 

is a current problem, because of the large increase in number and development of radio 

diagnostic modalities techniques which lead to make them an essential part of medical 

procedures around the world. Then there is an argument need for surveying and 

monitoring both medical and public exposure to control the resultant radiation doses by 

means of implementing the radiation protection principles. Achievement of such 

monitoring is in need of the implementation of both organizational and practical 

measures [1]. Computed tomography takes the special position among other methods of 

receiving the diagnostic information and finds more and more broad use in practice of 

medical establishments. At the same time doses of patients undergoing the CT 

examinations are much higher, than ones from the conventional radiography. It caused an 

increase in the contribution of CT-examinations to a collective dose from a medical 

exposure. The results of surveys from different countries show that the frequency of CT 

examinations and consequently the collective dose are increasing steadily, constituting a 

significant part of the collective dose of the population arising from the medical 

applications of ionizing radiation [1]. Diagnostic importance of CT examinations is 

outstanding, so the increase of examination frequency is justified [2]. According to the 

International Commission on Radiological Protection (ICRP) dose limits should not be 

applied for medical exposures either diagnostic or therapy, because patients have direct 

benefit from the exposure. However according to the basic principles of radiation 
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protection the medical diagnostic procedures should be optimized and unjustified 

exposures should be minimized [2]. Recently Computed tomography (CT) plays a 

significant role in medical diagnostics in Sudan. According to the records there are (40) 

CT scanners in clinical use in Sudan, 30 of them are in Khartoum state [3].The scanners 

can be categorized into10 different models from 5 different manufacturers most of them 

installed at the last 6 years that means CT in Sudan is a new approach but it is going on 

rapid increase in number of CT scanners and procedures [3]. This research is aimed to 

assess the contribution of CT in the population exposure and collective effective dos in 

Sudan by surveying CT examinations frequency, and estimating the collective effective 

dose and evaluate the contribution of CT in that dose.  

1.2 Literature review 

  Large number of studies is done at various countries around world to identify and assess 

the contribution of each radio diagnostic modality in the collective affective dose: the 

quantity that quantifies and assesses the population risk form the usage of man-made 

radiation sources. Some of these studies were reviewed bellow to explore its evidence 

and results that conclude and presented in this subject. 

1.2.1 Increment of the use of CT over world wide 

 Over the past few years, there has been a significant increase in the number of computed 

tomography (CT) scans performed in most of the world. The increase has been due to the 

introduction of first spiral single detector (SSD) and then multi detector CT (MDCT) 

scanners which have allowed much faster scanning and wider scan coverage than was 

previously available. As a result, there has been an increase in the number of applications 

for CT, which has been paralleled by increasing concern about the doses of radiation 

involved, with particular unease about the public health consequences in terms of 

increased cancer induction. For example, in 2000, the International Commission on 

Radiological Protection (ICRP) published a report on managing patient dose in CT, 

motivated by the relatively high radiation dose and the increasing frequency and variety 
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of examinations following the development of SSD technology [4]. A further ICRP 

publication appeared seven years later, addressing the patient dose in MDCT. This was a 

response to the increase in the use of MDCT and the introduction of more novel 

applications, with the potential for even greater population doses. The potential for CT-

induced cancers in children has justifiably received particular attention in the scientific 

literature and there have also been increasing numbers of articles concerned with the 

general issue of CT dose [5]. There is a rapid increase in CT scans in England and the 

USA over the last ten years. The average annual increase in the number of scans is about 

10% in England and 11.5% in the USA; this growth is faster than for other imaging 

modalities and shows no sign of slowing down. In 2002, CT scans accounted for 5.5% of 

all imaging involving ionizing radiation in the UK, and by 2007, this had risen to 11% 

[6].  In Romania CT examinations soared to 3.1% of all medical examinations in 2000 

year recording a very spectacular rise in comparison with 1995 year. And the use of CT 

rises constantly up to 4.3% of all medical X-ray examinations in the preschool children in 

the age over eight [7]. Radiological examination frequencies in Norway have been 

investigated between 1983 and 1993, overall examination frequency increased by 10%, 

while CT doubled every fifth year [8].  In U.S. an assessment done to estimate the 

number and frequencies of CT procedures the results show that the number of CT 

procedures increased at an annual rate of over 10%, while the U.S. population increased 

at less than 1% annually[9].  

1.2.2 Assessment of CT examinations frequency 

 A study for assessing the frequency of examinations and contribution of each medical 

imaging procedure for paediatric had been done to estimate percentage change in 

examination frequencies in Norway between 1993 and 2002. Form the result of that 

study: a 16% increase in total examination frequency occurred during the 9-y period, 

despite the decrease in all conventional radiography frequencies except from extremities. 

Use of US, MRI and CT increased for all anatomic sections. The largest percentage 

increases in examination frequency from 1993 to 2002 occurred in MRI examinations of 
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the spine, followed by head/brain and CT thorax. The overall head examination 

frequency was increased by 54% and CT and MRI dominated the frequency with 

contributions of 64 and 25% respectively. Regarding spine examinations, radiography 

frequency was reduced by 17% since 1993, while MRI spine frequency increased by a 

factor of 14 and CT spine frequency nearly doubled, resulting in a combined growth of 

13% since 1993[8]. A group of Swiss researchers contribute in a project to review the 

exposure of Swiss population by radio diagnostic , The study indicate in terms of total 

number of all x-ray examinations there was only a 4% increase between 1997 and 

2003and that the total number of radiographies registered  1% increase during this period. 

Other modalities registered significant frequency changes: 39% decrease in fluoroscopy 

examinations and 70% increase of CT examinations. The increase of CT procedures is 

registered for all the hospitals. CT examinations of the skull, chest, and abdomen show 

80% increase [10]. In Romania the review of national studies for paediatric exposure 

found that the Current pattern of paediatric radiology shows a mean increase of CT 

frequency of 3.1% of total annual X-ray procedures [7].  

1.2.3 Assessment of the contribution of CT dose in annual collective 

effective dose (CED) 

 In the UNSCEAR 2000 report it was noted that 34% of the CED due to medical 

exposures arose from CT examinations. As consequences the increasing in annual CT 

examinations frequency and the significant dose per examination has an important impact 

on the overall population dose due to medical exposure [11].  In the previous study in 

Norway the mean effective dose per inhabitant imposed by CT increased from 0.23 to 

0.64 mSv, whereas that from other use of X-rays declined from 0.55 to 0.45 mSv per 

inhabitant (18% decrease). The combined effect is that CT contribution to CED is 

significantly larger in 2002, accounting for 59% of the total as opposed to 30% in 1993. 

Large proportion of the observed increase in total CED is explained by increased 

frequencies of single CT examinations. Contributions to CED from CT pelvis more than 

tripled, from CT thorax nearly tripled, while contribution from CT abdomen more than 
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doubled from 1993 to 2002 [8]. The Romanian study for paediatric exposure in y 2000 

show that the current contribution of computed tomography of 3.1% of total annual X-ray 

procedures in 2000 indicates that collective dose could be substantially higher than that 

currently estimated [7]. In an Indian study the results show that a tremendous effort has 

been expended in reducing patient doses from other radiological procedures with 

considerable success, but much of the collective dose reduction achieved has been offset 

by a concurrent increase in the collective dose from CT [12]. In a study to evaluate and 

compare the relative contribution of CT to the collective effective dose from radiological 

examinations for both the USA and English populations; the proportion of the radiation 

dose to the population from radiological procedures resulting from CT is 54% in 

England, and 49% in the USA. So despite its relatively low frequency, CT delivers by far 

the biggest radiation dose to the population. Although the overall contribution of CT to 

the population dose is similar in England and the USA, the collective effective dose is 

much greater in the USA, even after adjusting for the population size. The collective 

effective dose from CT in the USA is estimated at 440,000 man Sv compared with 

18,000 man Sv in England, a ratio of about 25, whereas the ratio of population size is 

about 5. In 2007, the dose of radiation attributed to CT was about 0.35 mSv per head of 

population in England and 1.5 mSv in the USA. Much of this discrepancy can be 

explained by the higher number of CT scans per head undertaken in the USA [6]. 

Inspection of NCRP Scientific Committee (USA) indicates that CT and nuclear medicine 

account for only 22% of procedures but about 75% of the collective effective dose. Scans 

of the chest, abdomen and pelvis account for about two-thirds of the collective effective 

dose. CT scans are relatively high dose and CT scanning resulted in an annual collective 

effective dose of about: 440,000 person-Sv. The estimations of the NCRP Scientific 

Committee medical subgroup are that in 2006 the per capita dose from medical exposure 

(not including dental and radiotherapy) has increased almost 600% to about 3.0 mSv and 

the collective dose has increased over 700% to about 900,000persons-Sv. The largest 

contributions and increases have come primarily from CT scanning and nuclear medicine. 
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The 67 million CT scans account for 15% of the total medical radiation procedures and 

about 50% of collective dose. Nuclear medicine accounts for about 4% of all procedures 

but 26% of the total collective dose. Medical radiation exposure is now approximately 

equal to natural background radiation [9]. The Swiss study indicates increase of 20% in 

total CED considering both frequency variations and the change in effective dose. This 

increase is due mainly to significant increase in CT examinations and to lesser extent to 

higher doses per procedures in CT and fluoroscopy [10]. According to NRPB the total 

annual collective dose from all x-ray examinations in the UK is also shown at the bottom 

of the table and amounts to 19,300 man Sv. With a UK population of 59 million in 1997, 

this implies an annual per caput effective dose of 330 μSv. CT examinations represent 

just over 3% of all medical and dental x-ray examinations but, are responsible for 40% of 

the collective dose. All the angiographic procedures taken together are responsible for 

about 10% of the collective dose, and all interventional radiology procedures for about 

6%. The biggest contribution to collective dose from any single examination is from CT 

of the abdomen, which is responsible for 15%. Barium enema examination of the colon is 

the next highest, contributing about 13%. All other barium studies are much less 

significant, contributing only 3% in total [13]. A study done in West German at 1998 to 

assess examination frequencies and CED from x-ray procedures the results shows that: 

the annual collective dose from x-ray diagnosis of approximately 11400 man sv. This 

rather high value is mainly caused by the rapid increase of interventional radiography 

(9% of CED) and even more on CT which alone is responsible for about 35% of CED 

[14].  

1.2.4 Effect of examination frequency change on CED: 

The future collective effective dose is largely determined by the development in use of 

CT scans, as a minor change in CT examination frequency has a large impact on the 

collective effective dose. For example in Norway the biggest contributors to collective 

effective dose in 1993 were the following: barium enema (colon double contrast), CT 

abdomen, X-ray lumbar spine and CT head/brain, in sum accounting for 36% of total 
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dose. In 2002, these were replaced by the following CT examinations: abdomen, thorax, 

pelvis and lumbar spine, four examinations alone accounting for 44% of total dose. 

Reduced collective effective dose contribution from conventional radiography is due to 

reduced numbers of colon examinations and urographies, which were probably replaced 

by CT examinations [8]. From the NCRP evaluation results the high contribution of CT 

on CED is a result of large increase of CT scanners number as well as increasing of the 

frequency of high dose CT procedures . dose and examination frequency data from the 

newer, faster 256-slice multi-detector CT scanners, which are currently being installed, 

are not yet available, but it can be predicted that These new CT scanners may allow for 

markedly increased application of high dose procedures such as CT coronary angiograms 

and that lead to increase of CED and the contribution of CT on it [9]. The Swiss study 

indicate noticeable reduction on fluoroscopy frequencies and then contribution to CED 

which can be explained by the introduction of multi-slice CT which opened a new field 

of vascular investigations that used to be performed by fluoroscopic angiography. That 

result in increase in ct frequency and dose contribution [10]. From the results of NRPB 

survey: the lack of a significant increase or decrease in the per caput dose from medical 

and dental x-rays was not surprising in view of the reported stability in the total number 

of medical x-ray examinations over the past 15 years. Dental radiology was seen to have 

increased substantially (by 50%), but the very low effective doses for dental x-rays would 

preclude their greater numbers from having a significant impact on the overall collective 

dose. There have been substantial changes in the contributions from certain other types of 

x-ray examination or from specific imaging modalities, For some, the number of 

examinations performed in a year has changed while the dose per examination has 

remained much the same, whereas for others the doses have come down while the 

numbers have been stable. For example, higher collective doses have resulted from the 

increased frequency of relatively high dose imaging modalities such as CT and prolonged 

fluoroscopy used in angiographic or interventional procedures. As a result, the collective 
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effective dose from CT has grown from about 3300 man Sv in 1989 to 7660 man Sv in 

1997/98, an increase of 130% in eight years [13]. 

1.2.5 Methodology of surveying examination frequency and contribution of 

CT in CED: 
In the most of the previously reviewed studies the average effective doses have been 

driven from measurements of ESD, DAP, and CTDI for large number of patients and 

large variety and distribution of radiography machines and CT scans. The exposure 

factors from contributed modalities have been obtained, to be used in dosimetric 

calculations. Assessment of examination frequency has been done by collecting data from 

contributed hospitals and centers and from national and international records. The mostly 

common materials that have been used were: TLDs, ionization chambers, DAP meters, 

and different phantoms for dosimetric purposes. 

1.2.6 Summary 
 The data presented form literature above indicate that individual and collective patient 

effective doses from CT examinations  are contributing to the largest fraction of the 

collective dose from medical exposure, and are likely to continue to increase for the 

foreseeable future.  It is notable that the introduction of new CT technology such as 

multi-slice CT which reduces scan times, improves z-axis resolution, and provides the 

radiologists with more images, is result in increasing dose for both patient and 

population. In the future, CT scans performed on a given patient are therefore likely to 

use more radiation (e.g., multi-phase liver scans or general body surveys). In addition, the 

improved imaging performance will also serve to have CT replace conventional 

radiographic examinations that is clearly noticeable from the change of radio diagnostic 

procedures towards CT examinations. It is therefore important that the radiology 

professions review patient scanning protocols to ensure that patient exposures are 

justified by the diagnostic information that is obtained during CT examinations, and that 

all radiation doses are kept as low as reasonably achievable (ALARA). 

 

 



 

 

9 

 

1.3 OBJECTIVES 

General objective: 

1. To assess public exposure to ionizing radiation from medical use, specifically 

from CT procedures. 

 

Specific objectives: 

1. To assess the examination frequency of CT procedures. 

2. To estimate the collective effective dose from CT examinations. 

3. To estimate the collective effective dose from each examination and specify the 

contribution to total collective effective dose from CT procedures. 
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1.4 Thesis Out lines 

Chapter one: 

This chapter is a general introduction to the purpose and benefit of this study. The 

published literature and studies done on the research subject were reviewed in this 

chapter to know about bases and methods of assessing the public exposure and to 

compare the obtained results with international ones. The objectives of this study were 

also mentioned in this chapter. 

Chapter two: 

This chapter explores the radiation physics considering the radiation sources, radiation 

classifications, radiation quantities and units, interactions of radiation with matter, and 

radiation detection and measurements. The biological effects of radiation and the 

radiation protection principles are mentioned in short notes. The physics of x-ray and CT 

scan have been explored in details considering the units components and performance 

principles. 

Chapter three: 

This chapter describes the materials and methods used in this research to assess the 

examination frequency and estimate the collective effective dose from CT. 

Chapter four: 

Chapter four consist of: presentation of the obtained results in tables and figures, 

discussion of that results, and comparison with literature and international studies. 

Chapter five: 

This chapter introduces the conclusion that had been derived out from the research. 
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Chapter Two:  

PHYSICS OF DIAGNOSTIC RADIOLOGY 

2.1 Radiation physics 

Radiation is the energy that has the ability to travel through vacuum as well as matter. 

Depending on its nature radiation can be divided into two types: electromagnetic (EM) 

and particulate radiation. EM radiation has no mass, is unaffected by electrical or 

magnetic fields, and has constant speed in given medium. EM radiation is characterized 

by wave length (λ), frequency (υ), and energy per photon (the quanta of EM radiation). 

EM spectrum consists of: radio waves, micro waves, IR radiation, visible light, UV 

radiation, x and γ rays, and cosmic radiation as represented in figure 1. Particulate 

radiation is radiation with mass and charge that it affected with electrical and magnetic 

fields and has different behaviour than EM radiation [15]. 

 

Figure 2.1: schematic diagram for EM radiation 

According to its behaviour with matter radiation is classified into two main categories: 

ionizing and nonionizing, depending on its ability to ionize matter. The ionization 
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potential of atoms (i.e. the minimum energy required to ionize an atom) ranges from a 

few electron volts for alkali elements to 24.5 eV for helium (noble gas) [16]. 

2.1.1 Types of ionizing radiation 

Ionizing radiation may be divided into directly and indirectly ionizing for the sake of 

understanding of biological effects. Most of the particulate types of radiation(electrons, 

protons, α particles and heavy ions) are directly ionizing i.e. individual particles with 

adequate kinetic energy can directly disrupt the atomic structure of the absorbing medium 

through which they pass producing chemical and biological damage to molecules. In 

contrast, indirectly ionizing radiation (photons (X rays and γ rays), neutrons) do not 

produce chemical and biological damage themselves but produce secondary electrons 

(charged particles) after energy absorption in the material [17]. 

2.1.2 Sources of ionizing radiation 

Sources of radiation are divided to: natural sources: cosmic and terrestrial radiation, and 

man-made radiation sources. Ionizing radiations may be emitted in the decay process of 

unstable nuclei or by de-excitation of atoms and their nuclei in nuclear reactors, X- ray 

machines, cyclotrons and other devices. During radioactive decay gamma rays are often 

produced beside other types of radiation such as α or β rays. When a nucleus emits an α 

or β particle, the daughter nucleus is sometimes left in an excited state which, after de-

excitation, returns to a lower energy level by emitting a γ ray in much the same way that 

an atomic electron can jump to a lower energy level by emitting visible light [17]. 

2.2 Radiation quantities and units 

Some of quantities and their units are internationally known to describe the nature, 

interaction and effect of radiation. That quantities are been classified as: radiation field, 

physical, and radiation protection quantities. 
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2.2.1 Radiation field quantities (Radiometric) 

2.2.1.1 Fluence 

The fluence, Φ, is the quotient dN by da, where dN is the number of Particles incident on 

a sphere of cross-sectional area da, thus: 

 

    
      ........................................2-1 

Unit: m
-2

 

2.2.1.2 Energy fluence 

The energy fluence, Ψ, is the quotient dR by da, where dR is the radiant energy 

incident on a sphere of cross-sectional area da, thus: 

    
    ..................................2-2 

 Unit: J/m
2 
[13]. 

2.2.2 Physical quantities 

2.2.2.1 Kerma and Kerma rate 

The kerma, K, is the quotient dEtr by dm, where dEtr is the sum of the initial kinetic 

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

material, thus: 

  
    

  
  .........................................2-3 

Unit: J/kg. The special name for the unit of kerma is gray (Gy). 

The kerma rate, K ·, is the quotient dK by dt, where dK is the increment of 

kerma in the time interval dt, thus: 

     
    ..........................................2-4 

Unit: J·kg
-1

·s
-1

. If the special name gray is used, the unit of kerma rate is (Gy/s) [16]. 
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2.2.2.2 Absorbed dose 

The absorbed dose, D, is the quotient dE by dm, where dE is the mean energy imparted to 

matter of mass dm, thus: 

    
    .......................................2-5 

D=dE/dm 

Unit: J/kg. The special name for the unit of absorbed dose is gray (Gy). 

In diagnostic radiology, the production of bremsstrahlung within low atomic number 

materials is negligible. For a given material and radiation field, absorbed dose and kerma 

are then numerically equal when secondary electron equilibrium is established. There will 

be important numerical differences between the two quantities wherever secondary 

electron equilibrium is not established [16]. 

2.2.2.3 Exposure 

Exposure X is the quotient of dQ by dm, where dQ is the absolute value of the total 

charge of the ions of one sign produced in air when all the electrons and positrons 

liberated or created by photons in mass dm of air are completely stopped in air: 

  
  

   ...................................2-6 

The international unit of exposure is coulomb per kilogram (C/kg). The conventional unit 

of exposure is the roentgen R, wher1 R =2.58×      C/kg. In the SI system of units, 

roentgen is no longer used and the unit of exposure is simply R =2.58×     C/kg of air 

[16]. 

2.2.3 Radiation protection quantities  

Radiation protection quantities are the quantities related to the deterministic and 

stochastic effects of radiation such as: 

2.2.3.1 Organ and tissue dose 

The mean absorbed dose in a specified tissue or organ is given the symbol DT. It is equal 
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to the ratio of the energy imparted,    , to the tissue or organ to the mass,   , of the 

tissue or organ, thus : 

   
  

   
     .............................................2-7 

The mean absorbed dose in a specified tissue or organ is sometimes simply referred to as 

the organ dose [18]. 

2.2.3.2 Equivalent dose 

The equivalent dose, HT, to an organ or tissue, T, For a single type of radiation, R, is the 

product of a radiation weighting factor, WR, for radiation R and the organ dose, DT, thus: 

 

         ...........................................2-8 

Unit: J/kg. The special name for the unit of equivalent dose is sievert (Sv). 

The radiation weighting factor, WR, allows for differences in the relative biological 

effectiveness of the incident radiation in producing stochastic effects at low doses in 

tissue or organ T. For x-ray energies used in diagnostic radiology, WR is taken to be unity 

[18]. 

2.2.3.3 Effective dose 

The effective dose, E, is the sum over all the organs and tissues of the body of the product 

of the equivalent dose, HT, to the organ or tissue and a tissue weighting factor, WT, for 

that organ or tissue, thus: 

        ......................................2-9 

The tissue weighting factor, WT, for organ or tissue T represents the relative contribution 

of that organ or tissue to the total detriment arising from stochastic effects for uniform 

irradiation of the whole body. Unit: J/kg. The special name for the unit of effective dose 

is sievert (Sv). The sum over all the organs and tissues of the body of the tissue weighting 

factors, WT, is unity [18]. 
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2.2.3.4 Collective effective dose   

The collective effective dose S due to individual effective dose values from a specified 

source within a specified time period ΔT is defined as: 

         ...................................2-10 

where Ei is the average effective dose for a subgroup i, and Ni is the number of 

individuals in this subgroup. The time period and number of individuals over which the 

effective doses are summed should always be specified. The unit of the collective 

effective dose is (J kg_1) and its special name is man sievert (man Sv) [18]. 

2.3 Interaction of Ionizing radiation with matter 

2.3.1 Ionization 

The process by which a neutral atom acquires a positive or a negative charge is known as 

ionization. Removal of an orbital electron leaves the atom positively charged, resulting in 

an ion pair. The stripped electron, in this case, is the negative ion and the residual atom is 

the positive ion. Charged particles such as electrons, protons, and α particle are known as 

directly ionizing radiation provided they have sufficient kinetic energy to produce 

ionization by collision as they penetrate matter. The energy of the incident particle is lost 

in a large number of small increments along the ionization track in the medium, with an 

occasional interaction in which the ejected electron receives sufficient energy to produce 

a secondary track of its own, known as a δ ray. The uncharged particles such as neutrons 

and photons are indirectly ionizing radiation because they liberate directly ionizing 

particles from matter when they interact with. Ionizing photons interact with the atoms of 

a material to produce high-speed electrons by three major processes: photoelectric effect, 

Compton Effect, and pair production [19]. 

2.3.2 Excitation 

If the energy lost by the incident particle is not sufficient to eject an electron from the 

atom but is used to raise the electrons to higher energy levels, the process is termed 
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excitation [19]. 

2.3.3 Interaction of indirectly ionizing radiation: 

2.3.3.1  Photon interaction 

When an x- or γ ray beam passes through a medium, interaction between photons and 

matter can take place with the result that energy is transferred to the medium. The initial 

step in the energy transfer involves the ejection of electrons from the atoms of the 

absorbing medium. These high-speed electrons transfer their energy by producing 

ionization and excitation of the atoms along their paths. If the absorbing medium consists 

of body tissues, sufficient energy may be deposited within the cells, destroying their 

reproductive capacity [19]. 

2.3.3.2 Photon beam attenuation: 

The intensity I(x) of a narrow monoenergetic photon beam, attenuated by an attenuator of 

thickness x, is given as: 

          
          .................................2-11 

Where: I(0) is the original intensity of the un-attenuated beam; µ(hυ, Z) is the linear 

attenuation coefficient, which depends on photon energy hυ and attenuator atomic 

number Z. 

2.3.3.3 Halve Value Layer HVL: 

The half-value layer (HVL or x1/2) is defined as that thickness of the attenuator that 

attenuates the photon beam intensity to 50% of its original value: 

                 ...................................2-12 

Similarly, the tenth-value layer (TVL or x1/10) is defined as that thickness of the 

attenuator that attenuates the photon beam intensity to 10% of its original value: 

                   ..................................2-13 

The mass attenuation coefficient µm, is proportional to the linear attenuation coefficient µ 

through the following relationship:  

       ...................................2-14 
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where ρ is the density  of the attenuator. Typical units for the linear and mass attenuation 

coefficients are: cm
–1

, cm
2
/g, respectively. 

For use in radiation dosimetry two additional attenuation coefficients are defined: the 

energy transfer coefficient µtr and the energy absorption coefficient µab (often designated 

as µen). The two coefficients are related to µ as follows: 

             ..................................2-15 

              .......................................2-16 

2.3.3.4 Photon interaction pathways: 

Attenuation of a photon beam by an absorbing material is caused by major types of 

interactions. these processes are: coherent scattering, the photoelectric effect, the 

Compton effect, and the pair production. Each of these processes can be represented by 

its own attenuation coefficient, which varies in its particular way with the energy of the 

photon and with the atomic number of the absorbing material. The total attenuation 

coefficient is the sum of individual coefficients for these processes: 
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Where: σ/ρ, τ/ρ, σc/ρ, and π/ρ are mass attenuation coefficients for coherent scattering, 

photoelectric effect, Compton Effect, and pair production, respectively [16]. 

2.3.3.5 Coherent scattering 

The coherent scattering, also known as classical scattering or Raleigh scattering, is the 

process can be visualized by considering the wave nature of electromagnetic radiation. 

This interaction consists of an electromagnetic wave passing near the electron and setting 

it into oscillation. The oscillating electron reradiates the energy at the same frequency as 

the incident electromagnetic wave. These scattered x-rays have the same wavelength as 

the incident beam. Thus no energy is changed into electronic motion and no energy is 

absorbed in the medium. The only effect is the scattering of the photon at small angles. 

The coherent scattering is probable in high atomic number materials and with photons of 

low energy [19]. 
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2.3.3.6 Photoelectric effect 

The photoelectric effect is a phenomenon in which a photon interacts with an atom and 

ejects one of the orbital electrons from the atom (as it is showed in figure 2). In this 

process, the entire energy (hυ) of the photon is first absorbed by the atom and then 

transferred to the atomic electron. The kinetic energy of the ejected electron (called the 

photoelectron) is equal to hυ - EB, where EB is the binding energy of the electron. 

Interactions of this type can take place with electrons in the K, L, M, or N shells. 

After the electron has been ejected from the atom, a vacancy is created in the shell, thus 

leaving the atom in an excited state. The vacancy can be filled by an outer orbital electron 

with the emission of characteristic x-rays .There is also the possibility of emission of 

Auger electrons , which are monoenergetic electrons produced by the absorption of 

characteristic x-rays internally by the atom.  

The probability of photoelectric absorption depends on the photon energy, and atomic 

number of the absorber material that can be expressed as: 

 

 
        .................................2-18 

This relationship forms the basis of many applications in diagnostic radiology. The 

difference in Z of various tissues such as bone, muscle, and fat amplifies differences in x-

ray absorption, provided that the primary mode of interaction is photoelectric. This Z
3
 

dependence is also exploited when using contrast materials such as BaSO4 [19]. 

 

Figure 2.2:  schematic diagram for photo electric effect 
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2.3.3.7 Compton Effect (incoherent scattering) 

The process of energy deposition called the Compton Effect occurs when the incident 

photon interacts with the outer orbital electron whose binding energy is very low 

compared with that of the incident photon. In this interaction, the incident photon 

transfers energy to an atomic electron causing its ejection from the atom (figure 3). The 

photon is scattered with the remainder of the original energy in a different direction to 

that of the incident photon. Compton scatter thus causes ionization of the absorbing atom 

due to loss of an electron. The scattered electron (a secondary charged particle) travels 

some distance in matter and eventually loses energy by further ionization and excitation 

events to become part of the material. The probability of Compton scattering decreases 

with increasing photon energy. The Compton interaction represents a photon interaction 

with an essentially free and stationary electron (hν>> EB). Consequently, the atomic 

Compton attenuation coefficient (σ) depends linearly on the atomic number Z of the 

attenuator [16,17]. 

 

Figure 2.3 : schematic diagram for Compton Effect 
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2.3.3.8 Pair production 

If the energy of the photon is greater than 1.02 MeV, the photon may interact with matter 

through the mechanism of pair production. In this process the photon interacts strongly 

with the electromagnetic field of an atomic nucleus and gives up all its energy in the 

process of creating a pair consisting of a negative electron (e
-
) and a positive electron 

(e
+
). Because the rest mass energy of the electron is equivalent to 0.51 MeV, a minimum 

energy of 1.02 MeV is required to create the pair of electrons. Thus the threshold energy 

for the pair production process is 1.02 MeV. The photon energy in excess of this 

threshold is shared between the particles as kinetic energy. The total kinetic energy 

available for the electron-positron pair is given by (hυ-1.02) MeV. The most probable 

distribution of energy is for each particle to acquire half the available kinetic energy, 

although any energy distribution is possible.  The pair production process is an example 

of an event in which energy is converted into mass, as predicted by Einstein's 

equation        . The reverse process, namely the conversion of mass into energy, 

takes place when a positron combines with an electron to produce two photons, called the 

annihilation radiation [19]. 

2.3.3.9 Interaction of neutrons 

Like x-rays and γ rays, neutrons are indirectly ionizing. However, their mode of 

interaction with matter is different. Neutrons interact basically by two processes:  

 Recoiling protons from hydrogen and recoiling heavy nuclei from other 

elements,   

 Nuclear disintegrations.  

The first process may be likened to a billiard-ball collision in which the energy is 

redistributed after the collision between the colliding particles. The energy transfer is 

very efficient if the colliding particles have the same mass, e.g., a neutron colliding with 

a hydrogen nucleus. On the other hand, the neutron loses very little energy when 

colliding with a heavier nucleus. Thus the most efficient absorbers of a neutron beam are 

the hydrogenous materials such as paraffin wax or polyethylene. Lead, which is a very 
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good absorber for x-rays, is a poor shielding material against neutrons. Dose deposited in 

tissue from a high-energy neutron beam is predominantly contributed by recoil protons. 

Because of the higher hydrogen content, the dose absorbed in fat exposed to a neutron 

beam is about 20% higher than in muscle. Nuclear disintegrations produced by neutrons 

result in the emission of heavy charged particles, neutrons, and γ rays and give rise to 

about 30% of the tissue dose. Because of such diverse secondary radiation produced by 

neutron interactions, the neutron dosimetry is relatively more complicated than the other 

types of radiation beams [19]. 

2.3.4 Interaction of directly ionizing radiation (charged particles) 

Charged particles (electrons, protons, α particles, and nuclei) interact principally by 

ionization and excitation. Radiative collisions in which the charged particle interacts by 

the bremsstrahlung process are possible but are much more likely for electrons than for 

heavier charged particles. The charged particle interactions or collisions are mediated by 

Coulomb force between the electric field of the traveling particle and electric fields of 

orbital electrons and nuclei of atoms of the material. Collisions between the particle and 

the atomic electrons result in ionization and excitation of the atoms. Collisions between 

the particle and the nucleus result in radiative loss of energy or bremsstrahlung. Particles 

also suffer scattering without significant loss of energy. Because of much smaller mass, 

electrons suffer greater multiple scattering than do heavier particles. In addition to the 

Coulomb force interactions, heavy charged particles give rise to nuclear reactions, 

thereby producing radioactive nuclides. For example, a proton beam passing through 

tissue produces short-lived radioisotopes 
11

C, 
13

N, and 
15

O, which are positron emitters. 

The rate of kinetic energy loss per unit path length of the particle (dE/dx) is known as the 

stopping power (S). The quantity S/ρ is called the mass stopping power, where ρ is the 

density of the medium. (S/ρ) Is usually expressed in MeV cm
2
/g [16,19]. 

2.3.4.1 Heavy Charged Particles 

The rate of energy loss or stopping power caused by ionization interactions for charged 

particles is proportional to the square of the particle charge and inversely proportional to 
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the square of its velocity. Thus, as the particle slows down, its rate of energy loss 

increases and so does the ionization or absorbed dose to the medium [19]. 

2.3.4.2 Electrons 

Interactions of electrons when passing through matter are quite similar to those of heavy 

particles. However, because of their relatively small mass, the electrons suffer greater 

multiple scattering and changes in direction of motion.  Again, because of its small mass, 

an electron may interact with the electromagnetic field of a nucleus and be decelerated so 

rapidly that a part of its energy is lost as bremsstrahlung. The rate of energy loss as a 

result of bremsstrahlung increases with the increase in the energy of the electron and the 

atomic number of the medium [19]. 

2.4 Radiation detection and measurement 

Absorption of radiation in material produces many changes, which form the basis to dose 

measurements based on physical, chemical and biological effects. Different detectors 

have been used to develop dosimeters for ionizing radiation and some of them are used to 

measure relative dose distributions for therapeutic electron and photon beams. A few of 

them are used for measurements of absolute or reference absorbed dose called primary 

standards. Detectors can be divided broadly into three categories: those that measure 

directly the quantity of energy absorbed, detectors that measure ionization and those that 

quantify free radicals formed in the absorbing medium [17]. 

2.4.1 Some types of radiation dosimeters 

2.4.1.1 Chemical dosimeters  

The Fricke chemical dosimeter is based on chemical change by absorption of radiation 

and used to measure, X, γ and electron doses. The principle consists of the chemical 

change of ferrous ions (Fe +2) into ferric ions (Fe +3) by absorption of radiation energy. 

Measurement is accomplished by optical absorption of ferric ions, which has a high 

extinction coefficient allowing determination of concentration changes. The major 

drawback is the unreliability in the presence of undesirable impurities. The method is 
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highly unstable in air especially after irradiation but is relatively cost effective. The 

measurements are highly linear with increasing dose up to more than 150 Gy [17]. 

2.4.1.2 Thermo luminescence dosimeters (TLD) 

Thermo luminescence is based on generation of trapped electrons by exposure of lithium 

fluoride to radiation. The measurement of dose consists of measuring the luminescence 

induced by thermal treatment after radiation exposure. The light emitted is proportional 

to radiation dose. Lithium fluoride chips provide good spatial information but require 

careful calibration and rather laborious read-out. In addition, TLD are oxygen sensitive 

which imposes a limitation. The method is not as cost effective as the Fricke dosimeter, it 

lacks ease of preparation and the measurements become nonlinear at absorbed doses 

above 10 Gy. Optically stimulated thermo luminescence (OSL) is used in another device 

based on aluminum oxide and this requires no processing. It was originally developed for 

radiation therapy but is now also used for diagnostic purposes [17]. 

2.4.1.3 Ionization chambers 

Ionization chambers consist of an air-filled chamber containing two electrodes to which a 

voltage is applied. They measure the current flow which occurs due to the ionization of 

the air molecules exposed to radiation. They are capable of giving instant readings with 

good accuracy. The chambers are easy to use but are poor in providing spatial 

information. Diode dosimeters are based on the principle of ion collection formed by 

radiation incident in the chamber. Measurement consists of collection of ions on the 

cathode, formed by exposure to radiation, but this technique requires intricate circuitry 

and is not cost effective. Ion chamber performance depends on the voltage applied for 

charge collection [17]. 

2.4.1.4 Film dosimetry 

Special radiographic films have been developed for verification of dose . This has proved 

useful for measuring dose profiles but the method has limited accuracy and dose range 

for determination of absolute radiation doses [17]. 
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2.5 Biological effects of radiation 

The harmful effects of radiation may be classified into two general categories: stochastic 

and deterministic (previously called non-stochastic). The National Council on Radiation 

Protection and Measurements (NCRP) defines these effects as follows: 

2.5.1 Stochastic effects 

A stochastic effect is one in which the probability of occurrence increases with increasing 

dose but the severity in affected individuals does not depend on the dose (induction of 

cancer, radiation carcinogenesis and genetic effects). There is no threshold dose for 

effects that are truly stochastic, because these effects arise in single cells and it is 

assumed that there is always some small probability of the event occurring even at very 

small doses [17]. 

2.5.2 Deterministic (non-stochastic) effects 

A deterministic effect (tissue reaction) is one that increases in severity with increasing 

dose, usually above a threshold dose, in affected individuals (organ dysfunction, fibrosis, 

lens opacification, blood changes and decrease in sperm count). These are events caused 

by damage to populations of cells, hence the presence of a threshold dose [17]. 

2.5.3 Linear Energy Transfer (LET) 

For use in radiobiology and radiation protection the physical quantity that is useful for 

defining the quality of an ionizing radiation beam is the linear energy transfer (LET). the 

LET focuses attention on the linear rate of energy absorption by the absorbing medium as 

the charged particle traverses the medium. The ICRU defines the LET as follows: 

“LET of charged particles in a medium is the quotient dE/dl, where dE is the average 

energy locally imparted to the medium by a charged particle of specified energy in 

traversing a distance of dl.” the unit usually used for the LET is keV/μm. X rays and γ 

rays are considered low LET (sparsely ionizing) radiations, while energetic neutrons, 

protons and heavy charged particles are high LET (densely ionizing) radiations [16]. 
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2.5.4 Relative biological effectiveness (RBE): 

The relative biological effectiveness (RBE) compares the dose of test radiation to the 

dose of standard radiation to produce the same biological effect. 

    
                                                                 

                                                              
 

The RBE varies with the type of radiation, the type of cell or tissue, biologic effect under 

investigation, dose, dose rate and fractionation [16]. 

2.6 Radiation protection 

The principles of radiation protection and safety are those developed by the International 

Commission on Radiological Protection (ICRP). The principles of justification and 

optimization apply in all three exposure situations (occupational exposure, medical 

exposure, and public exposure) whereas the principle of application of dose limits applies 

only for doses expected to be incurred with certainty as a result of planned exposure other 

than medical exposure. These principles are defined as follows: 

 Justification: Any decision that alters the radiation exposure situation should do 

more good than harm. 

 Optimization of Protection: The likelihood of incurring exposure, the number of 

people exposed, and the magnitude of their individual doses should all be kept as 

low as reasonably achievable, taking into account economic and societal factors. 

 Dose Limits: The total dose to any individual from regulated sources in planned 

exposure situations other than medical exposure of patients should not exceed the 

appropriate limits specified by the ICRP [18]. 

2.6.1 Application of safety principles in diagnostic radiology: 

 Justification of practices: By weighing the diagnostic benefits they produce 

against the radiation detriment they might cause, taking into account the benefits 

and risks of available alternative techniques that do not involve medical radiation 

exposure [20]. 
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 Optimization of protection and safety: In diagnostic medical exposure, keeping 

the exposure of patients to the minimum necessary to achieve the required 

diagnostic objective, taking into account norms of acceptable image quality 

established by appropriate professional bodies and relevant guidance levels for 

medical exposure [20]. 

 Dose limits is not applicable in over all medical exposure. 

2.7 Physics of diagnostic radiology 

Medical imaging procedures, which are used to view different areas inside the human 

body, can provide physicians with important clinical information. Imaging examinations 

can allow for non-invasive diagnosis of disease and monitoring of therapy, and can 

support medical and surgical treatment planning. For many diseases, early detection, 

more effective diagnosis, and improved monitoring of therapy through the use of imaging 

exams may contribute to reduced morbidity, additional treatment options, and increased 

life expectancy. Image-guided techniques (interventional radiology) are also commonly 

used in a variety of procedures, such as putting in place catheters or stents, or removing 

blood clots or other blockages [21].  

2.7.1 Diagnostic radiology modalities:   

There are many types (modalities) of diagnostic radiology procedures, each of which uses 

different technologies and techniques but all of them: projection radiography (standard x-

ray), CT, fluoroscopy, and nuclear medicine procedures use ionizing radiation to generate 

images of the body. These different imaging procedures use different amounts of ionizing 

radiation.  Projection radiography procedures, which include conventional x-rays, dental 

and mammography, use relatively low amounts of radiation. In these exams, a device 

passes x-rays through a patient’s body to produce two-dimensional image (radiograph) of 

a particular area of the body. During a CT scan a rotating source passes x-rays through a 

patient’s body to produce several cross-sectional images of a particular area. These two-

dimensional images can also be digitally combined to produce a single three-dimensional 
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image. In a fluoroscopic procedure, a device passes x-rays through a patient’s body for a 

brief length of time to capture a real-time moving image, which can be used to observe 

the movement of an object or substance in the body. During a nuclear medicine 

procedure, such as a positron emission tomography (PET) scan, a patient is given a small 

amount of a radioactive substance, called a radiopharmaceutical or radiotracer. A detector 

outside the body is then used to view an image of the radioactive material as it moves 

through the body [30]. Because CT, fluoroscopy, and nuclear medicine procedures 

involve repeated or extended exposure to radiation, these types of exams are associated 

with a higher radiation dose than projection radiography. For example, the adult effective 

dose from a CT exam of the head is equivalent to the adult effective dose from roughly 

100 chest x-rays. The adult effective dose from a CT examination of the abdomen is 

roughly equivalent to the adult effective dose from roughly 400 chest x-rays [21] 

2.7.2 Human-health risk associated with diagnostic radiology: 

Concerns have been raised about the risks associated with patients’ exposure to radiation 

from medical imaging. Because ionizing radiation can cause damage to DNA 

(deterministic effects), exposure can increase a person’s lifetime risk of developing 

cancer (stochastic effects). Although the risk to an individual from a single examination 

may not itself be large, millions of exams are performed each year, making radiation 

exposure from medical imaging an important public health issue. Although experts may 

disagree on the extent of the risk of cancer from medical imaging, there is uniform 

agreement that care should be taken to weigh the medical necessity of a given level of 

radiation exposure against the risks. Accidental exposure to very high doses of radiation 

can also cause injuries in the short term, such as burns and hair loss. Direct exposure of 

the eyes to such doses can increase the risk of developing cataracts. In each of these 

cases, patients were exposed to a much higher dose of radiation than is typical for such 

scans [15,21]. 

2.7.3 Computed Tomography (CT scan) 

Computed tomography (CT) is the modality that creates two-dimensional cross-sectional 



 

 

29 

 

images from three-dimensional body structures using a mathematical technique called 

reconstruction [15, 21]. Although bones show up clearly on x-ray images, soft tissues do 

not show up as well. Moreover, since three-dimensional body parts are projected onto 

two-dimensional film, much information is lost. Computed Tomography (CT) images 

provide a “cross-section” view that displays a thin slab of the body to overcome that loss. 

A CT image is composed of pixels, whose brightness corresponds to the absorption of x-

rays in a thin rectangular slab of the cross-section, which is called a “voxel”. Notice that 

the x-ray tube and detectors rotate around the patient. For each direction of the x-ray 

beam, the scanner records the x-ray absorption by the patient's body. A computer 

program then computes the brightness of each pixel from all of these separate recordings. 

Since the CT scan requires so many x-ray exposures, the amount of radiation used to 

make a CT scan is typically greater than that used to make a traditional x-ray [15, 21]. 

2.7.3.1 CT components 

Figure 5 below represent the CT scanner components. 

 

Figure 2.4: CT scanner components 
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2.7.3.2 CT Gantry 

The first major component of a CT system is referred to as the scan or imaging system. 

The imaging system primarily includes the gantry and patient table or couch. The gantry 

is a moveable frame that contains the x-ray tube including collimators and filters, 

detectors, data acquisition system (DAS), rotational components including slip ring 

systems and all associated electronics such as gantry angulation motors and positioning 

laser lights. In older CT systems a small generator supplied power to the x-ray tube and 

the rotational components via cables for operation. This type of generator was mounted 

on the rotational component of the CT system and rotated with the x-ray tube. Some 

generators remain mounted inside the gantry wall. Some newer scanner designs utilize a 

generator that is located outside the gantry. Slip ring technology eliminated the need for 

cables and allows continuous rotation of the gantry components. The inclusion of slip 

ring technology into a CT system allows for continuous scanning without interference of 

cables. The CT gantry can be angled up to 30 degrees toward a forward or backward 

position. Gantry angulation is determined by the manufacturer and varies among CT 

systems. Gantry angulation allows the operator to align pertinent anatomy with the 

scanning plane. The opening through which a patient passes is referred to as the gantry 

aperture. Gantry aperture diameters generally range from 50-85 cm. The larger gantry 

aperture allows for easier manipulation of biopsy equipment and reduces the risk of 

injury when scanning the patient and the placement of the biopsy needle simultaneously. 

Lasers or high intensity lights are included within or mounted on the gantry. The lasers or 

high intensity lights serve as anatomical positioning guides that reference the center of 

the axial, coronal, and sagittal planes [15, 23]. 

2.7.3.3 X-ray Tube 

CT procedures facilitate the use of large exposure factors, (high mA and kVp values) and 

short exposure times. The development of spiral/helical CT allows continuous scanning 

while the patient table or couch moves through the gantry aperture. The stress caused by 

the constant build up of heat can lead to a rapid decrease of tube life. When an x-ray tube 
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reaches a maximum heat value it simply will not operate until it cools down to an 

acceptable level. CT systems produce x-radiation continuously or in short millisecond 

bursts or pulses at high mA and KvP values. CT x-ray tubes must possess a high heat 

capacity which is the amount of heat that a tube can store without operational damage to 

the tube. The x-ray tube must be designed to absorb high heat levels generated from the 

high speed rotation of the anode and the bombardment of electrons upon the anode 

surface. An x-ray tubes heat capacity is expressed in heat units. Modern CT systems 

utilize x-ray tubes that have a heat capacity of approximately 3.5 to 5 million heat units 

(MHU). A CT x-ray tube must possess a high heat dissipation rate. Many CT x-ray tubes 

utilize a combination of oil and air cooling systems to eliminate heat and maintain 

continuous operational capabilities. A CT x-ray tube anode has a large diameter with a 

graphite backing. The large diameter backed with graphite allows the anode to absorb and 

dissipate large amounts of heat. The focal spot size of an x-ray tube is determined by the 

size of the filament and cathode which is determined by the manufacturer. Most x-ray 

tubes have more than one focal spot size. The use of a small focal spot increases detail 

but it concentrates heat onto a smaller portion of the anode therefore, more heat is 

generated. CT tubes utilize a bigger filament than conventional radiography x-ray tubes. 

The use of a bigger filament increases the size of the effective focal spot. Decreasing the 

anode or target angle decreases the size of the effective focal spot. Generally, the anode 

angle of a conventional radiography tube is between 12 and 17 degrees. CT tubes employ 

a target angle approximately between 7 and 10 degrees. The decreased anode or target 

angle also helps elevate some of the effects caused by the heel effect. CT can compensate 

any loss of resolution due the use of larger focal spot sizes by employing resolution 

enhancement algorithms [15,23]. 
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Figure 2.5: x-ray tube 

2.7.3.4 Collimation 

In CT collimation of the x-ray beam includes tube collimators, a set of prepatient 

collimators and post-patient or pre-detector collimators. The tube or source collimators 

are located in the x-ray tube and determine the section thickness that will be sellected for 

a particular CT scanning procedure. When the CT technologist selects a section thickness 

he or she is determining tube collimation by narrowing or widening the beam. A second 

set of collimators located directly below the tube collimators maintain the width of the 

beam as it travels toward the patient. A final set of collimators called post-patient or 

predetector collimators are located below the patient and above the detector. The primary 

responsibilities of this set of collimators are to insure proper beam width at the detector 

and reduce the number of scattered photons that may enter a detector [15, 23]. 

2.7.3.5 Filtration 

There are two types of filtration used in CT. Mathematical filters such as bone or soft 

tissue algorithms are included into the CT reconstruction process to enhance resolution of 

a particular anatomical region of interest. Inherent tube filtration and filters made of 

aluminum or Teflon are used in CT to shape the beam intensity by filtering out low 

energy photons that contribute to the production of scatter. Special filters called "bow-tie" 

filters absorb low energy photons before reaching the patient. X-ray beams are 



 

 

33 

 

polychromatic in nature which means an x-ray beam contains photons of much different 

energy. Ideally, the x-ray beam should be monochromatic or composed of photons having 

the same energy. Heavy filtration of the x-ray beam results in a more uniform beam. The 

more uniform the beam, the more accurate the attenuation values or CT numbers are for 

the scanned anatomical region [15, 23]. 

2.7.3.6 Detectors 

When the x-ray beam travels through the patient, it is attenuated by the anatomical 

structures it passes through. In conventional radiography a film-screen system is used as 

the primary image receptor to collect the attenuated information. The image receptors 

that are used in CT are referred to as detectors. The CT process essentially relies on 

collecting attenuated photon energy and converting it to an electrical signal, which will 

then be converted to a digital signal for computer reconstruction. A detector is a crystal or 

ionizing gas that when struck by an x-ray photon produces light or electrical energy. The 

two types of detectors used in CT systems are scintillation or solid state and xenon gas 

detectors. Scintillation detectors use a crystal that fluorescence when struck by an x-ray 

photon which produces light energy. A photodiode is attached to the scintillation portion 

of the detector. The photodiode transforms the light energy into electrical or analog 

energy. The strength of the detector signal is proportional to the number of attenuated 

photons that are successfully converted to light energy and then to an electrical or analog 

signal. The most frequently used scintillation crystals are made of Bismuth Germinate 

(Bi4Ge3012) and Cadmium Tungstate (CdWO4).  The second type of detector used for 

CT imaging system is a gas detector. The gas detector is usually constructed using a 

chamber made of a ceramic material with long thin ionization plates usually made of 

Tungsten submersed in Xenon gas. The long thin tungsten plates act as electron 

collection plates. When attenuated photons interact with the charged plates and the xenon 

gas ionization occurs. The ionization of ions produces an electrical current. Xenon gas is 

the element of choice because of its ability to remain stable under extreme amounts of 

pressure. Using more gas in a detector increases the number of molecules that can be 



 

 

34 

 

ionized therefore; the strength of the detector signal or response is increased. The long 

thin tungsten plates of the gas detector are highly directional. Ionization of the plates and 

the resultant detector signal rely on attenuated photons entering the chamber and ionizing 

the gas. The term detector refers to a single element or a single type of detector used in a 

CT system. The term detector array is used to describe the total number of detectors that 

a CT system uses for collecting attenuated information. 3 rd generation CT imaging 

systems employ 800-1000 detectors while 4th generation scanners include 4000-5000 

individual detectors in a detector array [15, 21, 23]. 

2.7.3.7 Data Acquisition System (DAS) 

The analog signal generated by the detector is a weak signal and must be amplified to 

further be analyzed. Amplifying the electrical signal is one of the tasks performed by the 

data acquisition system (DAS). The DAS is located in the gantry right after or above the 

detector system. In some modern CT scanning systems the signal amplification occurs 

within the detector itself. Before the projection or raw data, which is currently in the form 

of an electrical or analog signal, goes to the computer it must be converted to digital 

information. This task is accomplished by an analog to digital converter which is an 

essential component of the DAS. The digital signal is transferred to an array processor. 

The array processor solves the statistical information using algorithmic calculations 

essential for mathematical reconstruction of a CT image. An array processor is a 

specialized high speed computer designed to execute mathematical algorithms for the 

purpose of reconstruction. Recently, processors that compute CT reconstruction 

mathematics faster than array processors have been induced to solve reconstruction 

mathematics essential to the development of CT fluoroscopy. The term image or 

reconstruction generator is used to describe this type of computer [15, 23]. 

2.7.3.8 CT Patient Table or Couch 

The final component of the scan or imaging system is the patient table or couch. CT 

tables or couches should be made with a material that will not cause artifacts when 

scanned. Many CT tables or couches are made of a carbon fiber material. The movement 
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of the table or couch is referred to as incrimination or indexing. Helical-spiral CT table 

incrimination or indexing is quantified in millimeters per second mm/sec because the 

table is moving for the entire scan. All table or couch designs have weight limits that if 

exceeded may compromise incrimination or indexing accuracy. [15, 23] 

2.7.4 Contribution of CT scan on patient and public exposure 

2.7.4.1 Risk assessment 

Although most of the quantitative estimates of the radiation-induced cancer risk are 

derived from analyses of atomic-bomb survivors, there are other supporting studies, 

including a recent large-scale study of 400,000 radiation workers in the nuclear industry 

who were exposed to an average dose of approximately 20 mSv (a typical organ dose 

from a single CT scan for an adult). A significant association was reported between the 

radiation dose and mortality from cancer in this subgroup (with a significant increase in 

the risk of cancer among workers who received doses between 5 and 150 mSv); the risks 

were quantitatively consistent with those reported for atomic-bomb survivors. There is 

direct evidence from epidemiologic studies that the organ doses corresponding to a 

common CT study (two or three scans, resulting in a dose in the range of 30 to 90 mSv) 

result in an increased risk of cancer. The evidence is reasonably convincing for adults and 

very convincing for children. Although the individual risk estimates are small, the 

concern about the risks from CT is related to the rapid increase in its use. Small 

individual risks applied to an increasingly large population may create a public health 

issue some years in the future [27]. 

2.7.4.2 Radiation surveys 

Radiation surveys are performed to identify and quantify exposure levels in areas of 

potential risk to individuals. In diagnostic radiology, x ray rooms and surrounding public 

areas are surveyed to assess public exposure and risk associated with each radiological 

technique [24]. Patient dosimetry is essential for each radiographic technique to estimate 

the effective dose in a purpose of patient protection and to be used in estimation of CED 
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as a pointer of public exposure due to medical exposure. Hence the radio diagnostic 

modalities differ in the amount of dose that delivered to the patient and then to the public, 

then each modality has its own contribution to the overall radiation risk associated to 

medical exposure [20]. 

2.7.5 Dosimetric quantities related to CT: 

Two of the common measurable quantities used for patient dosimetry in CT are known: 

The computed tomography dose index (CTDI) and the multiple scan average dose 

(MSAD). CTDI is defined as the integrated dose profile (in the z-direction) for a single 

slice, normalized to the nominal slice thickness. It can be measured either in air or in a 

phantom using either a pencil ion chamber or a row of TLDs. Common forms of CTDI 

include: CTDI in air (CTDIair), measured at the centre of rotation of the beam in the 

absence of a patient or phantom (without scatter and attenuation); CTDI measured at the 

centre of a PMMA phantom (16 cm of diameter for head scans and 32 cm for body scans) 

as CTDIc, and at the phantom periphery (1 cm depth) as CTDIp ; CTDIw, a weighted 

version of CTDI, defined as : 

       

 
       

 
      .............................2-19 

. 

MSAD is effectively the sum of the dose profiles for a scan series. Measurement of the 

MSAD requires the use of a dosimetry phantom, such as a solid PMMA cylinder, and 

either a pencil chamber or a significant stack of TLD to obtain the integrated dose profile 

resulting from a multiple scan series. MSAD has the advantage over CTDIair of 

reflecting how the scanner is used in clinical reality, although it falls short of reflecting 

the whole examination. When MSAD is measured for multiple slices and the distance 

between slices is equal to the slice width; the MSAD is equal to the CTDI measured in 

the phantom at the same radial position as the MSAD [14]. The effective dose to a patient 

undergoing CT can be calculated from the normalized organ dose data obtained from the 

scanner-specific CTDIair. A more recent simplified approach has been to use the quantity 

dose length product (DLP) as a surrogate for patient dose, especially in the context of 
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diagnostic reference levels. DLP can be determined for a given examination from 

measured CTDIw value, together with the examinations technique factors. However, for 

complete assessment of patient doses in CT, examination technique factors must be 

considered. kVp, mAs per slice, slice width, couch increment and number of slices all 

affect the patient dose. Analogous to dose area product for fluoroscopy, dose length 

product (DLP) can be used for CT. DLP is essentially the product of the incident 

radiation per slice (CTDIw) and the extent of the patient irradiated. Published data enable 

DLP to be calculated from CTDI10cm,air by using conversion coefficients together with the 

examination technique actually used [25]. 
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Chapter Three:  

MATERIAL AND METHOD 

3.1 Method  

3.1.1 Estimation of CT examination frequencies 

The CT examination frequency survey was based on data gathered from 10 hospitals (4 

public and 6 private) as representative sample for 40 CT units operating in different 

hospitals around the country. The data about the number of CT-examinations were 

obtained in 10 hospitals using special questionnaires form sent to each of the CT 

department in the selected samples. The information received included: the average 

number of CT-examinations per day for specific examinations, abdomen, chest, pelvis, 

lumbar spine, and head. The average annual examination frequency for each unit was 

calculated from the data. The average annual examination frequency for all CT scanners 

was calculated by multiplying the average annual frequency examination per unit by the 

total number of CT scanners in Sudan. The percentage of examination frequency for each 

examination type to the total number of examinations per year was also calculated. 

Study Sample 

To estimate the frequency of different CT procedures information on daily number of 

each procedure were collected from 10 hospitals. The data of involved hospitals is shown 

in Table 3.1. Providing information about: manufacturer, model, and installation date for 

each CT unit. 
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Table 3.1:  the surveyed hospitals and CT units. 

Hospital Manufacturer Model Installation  

Date 

Alzaitona TOSHIBA EQUILION 64 Slice 2009 

Alnileen SIEMENS Somatom emmotion 2006 

K.hospital TOSHIBA 4 slice 2007 

K. Motatoer center TOSHIBA Asteion dual slice 2004 

Fidail SIEMENS Somatom sensation 16 slice 2008 

Ibn Alhaithm TOSHIBA Station 4 slice 2010 

Military hospital SIEMENS Single slice 2005 

Police hospital SIEMENS Somatom sensation 16 slice 2005 

Albugaa center CHINA 60 slice 2010 

Asia hospital GE CTE 2005 

 

3.1.2 Effective dose per examination 

The effective dose per examination for all examinations had been obtained from the 

results of previous study on assessment of CT dose in Sudan (Suliman et al)[26]. 

3.1.3 Collective effective dose 

Total patient collective effective dose from diagnostic radiological examinations, CED, in 

units of man Sv, was calculated according to the formula: 

           ...............................3-1 

 Where Ei is the mean effective dose to patients from a particular examination type and 

Ni is the corresponding number of examinations of that type performed each year. 

Estimates of the mean effective dose for each examination type were predominantly 

obtained from national dose survey carried out by Suliman et al [26].Organ-weighting 

factors according to ICRP Publication 60 were used in these dose surveys. 
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The percentage annual collective effective dose for each examination type had been 

calculated to determine the contribution of each examination type to the total annual 

collective effective dose from CT examinations. 

The percentage examination frequency and the percentage collective effective dose had 

been plotted into two figures. 
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Chapter Four:  

RESULTS AND DISCUSSIONS 

4.1 Results 

Table 4.1 presents a preliminary survey data collected from sample of 10 hospitals and 

are assumed to offer a fair representative picture of the CT practice pattern in Sudan. The 

table shows the number of examinations per day for each procedure and for all 

procedures in the selected hospitals from which an average number of all examinations 

per day were calculated.  

Table 4.1: CT radiography examination frequencies 

examination Hospitals  

H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 total avg 

Abdomen  8 8 - - - 5 - 7 4 4 36 6 

Chest  6 8 3 - 2 3 - 4 3 2 31 4 

Pelvis  - 2 - - - - - 2 4 - 8 3 

Abdomen - pelvis  2 8 4 - 6 5 - 7 4 4 40 5 

Lumbar spine 1 1 1 - 1 1 - 2 2 1 10 1 

Chest-abdomen- 

pelvis 

2 1 - - - 1 - 2 1 - 7 

1 

Head 10 12 12 20 5 5 11 10 8 7 100 10 

Others 4 1 3 - 1 1 - 2 1 2 15 2 

Total 33 41 23 20 15 21 11 36 27 20 247 25 
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Table 4.2 provides the annual frequency for surveyed units and for total units in Sudan, 

the percentage of each examination, the effective dose per procedure (ED)[26], the 

calculated collective effective dose from each examination, the total collective effective 

dose resulting from all CT examinations, and the percentage contribution of each 

examination in the total collective effective dose. 

 

Table 4.2: Examination frequency and collective effective dose from CT procedures in 

Sudanese Hospitals. 

Examination  Annual No 

of 

Exams/unit 

Annual 

No of 

Exams 

Exams  

Frequency 

% 

ED/exam 

(mSv) 

 Annual 

CED 

(man/Sv) CED%  

Abdomen  1800 72000 24 6.6 475 32 

Chest  1163 46500 16 4.6 214 14 

Pelvis  800 32000 11 4 128 9 

Abdomen - pelvis  1500 60000 20 6.6 396 27 

Lumbar spine 375 15000 5 6.6 99 7 

Chest-abdomen 420 16800 6 6.6 111 7 

Head 3000 120000 40 1.6 192 13 

Others 562.5 22500 8 5.3 119 8 

Total 7410 296400 100 5 1482 100 
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Figure 4.1: the percentage of examination frequency for total number of examinations 
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Figure 4.2: the percentage contribution of each examination in the collective effective 

dose from CT examinations. 
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4.2 Discussion 

This study showed that the most of the surveyed units were installed within the last 6 

years and therefore most of the CT units included in the Survey were multi slices helical 

CT scanners. 

Table 4.2 provides the number of cases per day for each examination. The average total 

number of examinations is 25 examinations per day. Head examinations have the largest 

frequency of all examinations (100 per day) followed by abdomen-pelvis (40 per day). 

Table 4.2 is showing that the higher examination percentage is the head examination 

(40%), and the lower one is lumber-spine examination (5%). Table4.2 and figure 4.1 

show the percentage fraction of each examination type to the total annual number of 

examinations. The effective doses per examination for the listed examinations as shown 

in table3 are: 6.6 for abdomen, chest abdomen, lumbar spine, and pelvis- abdomen, 4.6 

for chest, 1.6 for head, and 5.3 for the other examinations. The calculated annual 

collective effective dose resulting from CT procedures as shown in Table 4.2 is 1482 

man.Sv. 

Table 4.2 and Figure 4.2 show the contribution of each examination on the total annual 

collective effective dose. The higher collective dose resulted from abdomen (32%). 

Despite that the head examination have the largest percentage examination frequency, it 

contribute to the total collective dose with just (13%) when the major contribution is of 

the abdomen examinations. That is due to the high effective dose per examination that 

resulted from abdomen procedures (6.6), when it just (1.6) for head procedures. 

Results of the present study were compared to the results from other published data. A 

study done in UK by NRPB in 2002 to estimate public exposure from diagnostic 

radiology, the survey covered 38 hospitals as a representative sample for 65 national 

hospitals in the U.K. The total collective effective dose as a result of CT examinations 

was (7662 man.Sv). The percentage contribution of that collective dose in the total 
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collective dose is (39%) [13]. Table 4.3 shows the results of the collective effective dose 

from CT obtained in this study with collective doses obtained in the U.K. study.  

 

Table 4.3: the collective effective dose for CT examinations from the results of this study 

and results of NRPB –U.K (2002). 

Examination Collective dose (man. Sv) 

UK (2002) 

Collective dose (man.Sv) 

Sudan (This study) 

Abdomen 2972 475 

Chest 1543 214 

Pelvis 1397 128 

Spine 253 99 

Head 1237 192 

Total 7662 1482 

 

It should be noted that the percentage of examination frequency and percentage of 

collective dose in the NRPB were calculated for overall radio-diagnostic procedures then 

it should not considered in comparison. The comparison of the two result show the huge 

difference between the collective effective dose calculated in this study and that is 

calculated by NRPB. The differences in collective doses in UK and Sudan are due to the 

difference in the number of CT scanners and the examination frequency in both countries. 

In a study in USA, a survey was conducted for a half of all imaging sites in USA. The 

reported collective dose from CT procedures was (440000 man.Sv), its contribution to 

total collective effective dose is (49%) [9]. the results of percentage examination 

frequency, collective dose, and percentage collective dose were as shown in Table4.4: 
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Table 4.4: results of sum CT examinations from the American study 

(2006) 

 

Examination Frequency% CED man.Sv CED% CED%(Sudan) 

Abdomen-pelvis 32 215338 49 27 

Chest 15 74326 17 14 

Spine 6 56000 9 7 

Head 28 38044 13 13 

Comparison of the results from Table 4.2 and Table 4.4 shows that some frequencies 

same close to each other such as head, chest, and spine examinations but there is huge 

difference in the value of collective dose related to those examinations that again due to 

the difference in the number of CT scanners and the number of annual examinations. 

Also as sown previously from table 4.4 the abdomen-pelvis procedure has the largest 

contribution on the collective dose from CT procedures in the American study. The head 

examination had a (28%) percentage frequency but only (13%) percentage collective 

dose when the chest of lower frequency (15%), had a higher percentage collective dose 

(17%). That is again due to the difference of the effective dose per examination. 

In Norway at (2002) a study was done to assess the public exposure from diagnostic 

radiology. The survey was done for all radio diagnostic procedures in (75) public and (9) 

private hospitals then the contribution of each modality had been driven from the results. 

The total collective effective dose from CT examinations was (537man.Sv) with 

contribution of (49%). it is the same contribution as from the American study but with 

large difference in collective dose value [8].  

The provided effective doses per examination were higher than that for Sudan except for 

lumbar spine examination. From the previous NRPB study the values of effective doses 

per examination are also listed they are much higher from both Norway and Sudan 

results, as shown in table 4.5 bellow: 
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Table 4.5: comparison of effective doses per exam for Norway, UK, and Sudan. 

Examination  ED/ex am(mSv)Norway  ED/exam(mSv)UK ED/exam(mSv) Sudan  

Abdomen  12.8 10 6.6 

Lumbar spine 4.5 8 6.6 

Head  2.0 2 1.6 

Pelvis  - 10 4 

Chest  - 8 4.6 

    

 Literature and data form African and developing countries is not widely available to 

compare the determined results with data from countries of same situation as Sudan in the 

field of diagnostic radiology. 
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Chapter Five:  

CONCLUSION AND RECOMENDATIONS 

5.1 CONCLUSION 

The annual collective effective dose from CT procedures had been calculated by using 

results of the survey of the frequency of 8 types of examinations from 10 hospitals and 

the data of the effective dose per examination from previous study on radiation doses 

from such examinations [26]. The total annual collective effective dose from all CT 

procedures performed in the Sudan in both public and private hospitals and clinics is 

calculated to be (1482 man.Sv)  

This overall estimate is low in comparison with that for other countries but the difference 

in the development of healthcare systems and usage of CT scanners in medical imaging 

should be taken into consideration. This lower estimated collective dose is due to a lower 

number of CT scanners and frequency of CT examinations and to generally lower doses 

per examination in the Sudan. 

The relative contributions of some types of examination to the total collective dose to the 

Sudan population from CT scanners had been estimated; the results reported that the 

higher contribution was from abdomen examination due to its high effective dose.  

From comparison with international published data the collective effective dose from CT 

examinations in Sudan is much lower but the difference in number of CT scanners and 

population should be taken into account. 
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5.2 RECOMENDATIONS 

 The exposure of patient and public from diagnostic radiology especially from CT 

procedures should be taken into accounts as argent issue and all possible efforts 

should be done to reduce that exposure to avoid associated radiation risks. 

 Periodic radiation survey should be conducted to all radiological departments 

especially for CT departments to assess both public and patient exposure. 

 The annual collective effective dose from CT procedures in Sudan is relatively 

low but it should be surveyed in a specific time intervals because of the rapid 

increase of the number of CT scanners and its use in medical imaging which can 

be clearly observed from the survey results that most of the CT scanners installed 

in the resent 6 years and most of hospitals and medical centers going to have CT 

scanners in the near future. 

 Optimization of protection should be conducted to the radiological departments 

by establishing quality assurance program and diagnostic reference levels.  
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