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ABSTRACT 

In the first part of the study entrance surface doses (ESDs) to patients 

undergoing x-ray examinations were estimated from x-ray tube output 

parameters in four hospitals in Khartoum area, comprising eight x-ray units 

and a sample of 346 radiographs. The mean ESDs estimated in the hospitals 

ranged from 0.17 to 0.27 mGy for Chest PA , 1.04- 2.26 mGy for Skull 

AP/PA, 0.83- 1.32 mGy for Skull LAT, 1.31-1.89 mGy for Pelvis AP, 1.46-

3.33 mGy for Lumbar Spine AP and  2.9 -9.9 mGy for Lumbar Spine LAT. 

With the exception of Chest PA examination at two hospitals, mean ESDs 

were found to be within the established international reference doses.  

In the second part of the study two methods were used and compared for 

effective dose (ED) calculation in diagnostic radiology. Initially, ED values 

were calculated from ESD values using NRPB-SR262 Monte Carlo data and 

XDOSE software. Next, the energy imparted to patients was computed using 

values for entrance skin exposure-area product and half- value layer. Effective 

doses were then determined from energy imparted using ED/ε conversion 

factors proposed in the literature. Mean ED values calculated using the two 

methods were: 21.3-23.4, 14.1-12.8, 7.9-8.5, 232-226, 215-223 and 91-85.6 

µSv for Chest PA, Skull AP/PA, Skull LAT, Pelvis AP, Lumbar Spine AP and 

Lumbar Spine LAT examinations, respectively. The values obtained were in 

good agreement between themselves and with data reported in the literature.  

Another part of the study was performed in the framework of the European  

project DIMOND III,  concerned with equipment requirements and 

specifications for digital and interventional radiology. A protocol for quality 

control (QC) tests has been drafted based on various national and international 

recommendations. Tests were included for various parts of the imaging chain, 

i.e. x-ray tube and generator; x-ray tube control system; laser printer and 

display station; image quality and patient dose. Preliminary tolerance levels 
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have been set for the various tests, after initial measurements. To check the 

suitability of the QC tests and the stated tolerance levels, measurements were 

made at the University Hospital Gasthuisberg in Leuven, the Netherlands, for 

equipment used for paediatric radiology and a unit used for chest 

examinations. The results of the various tests were reported. 

In another part of the work QC measurements were performed in three digital 

fluoroscopy units in the Netherlands. Measurements were based on the 

DIMOND III QC protocol. X-ray tube functions, patient dose and image 

quality were evaluated. Maximum incident air kerma rates of 84.1 and 42.2 

mGy min-1 were measured using a 20 cm thick  poly-methyl-meth-acrylate 

(PMMA) phantom. These values were relatively high compared to reference 

dose levels. The median limiting resolution was 1.6 lp mm-1 for image 

intensifier field of view diameters between 14 and 38 cm. Mean low contrast 

resolution expressed as image quality figure was 107.  

In x-ray radiology, copper filters are preferred for use, in place of tissue 

equivalent phantoms made of water or PMMA, for practical reasons, such as 

smaller size and mass and ease of handling. The objectives of the use of the 

filters are to obtain appropriate conditions to derive patient entrance surface 

dose rates and the dose rates at the image intensifier input. In this part of the 

work the equivalent thicknesses of copper filters were investigated in 

comparison with PMMA phantoms, in terms of attenuation, at several 

geometries and different tube voltage–filter combinations. Calculated 

equivalent copper thicknesses, ranging from 0.42 mm to 14.9 mm, resulted in 

different exposure conditions that are met in practice.  
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CHAPTER ONE  

INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

1.1.1 Background 

Since its discovery in 1985 by Roentgen, x-rays have played an important role 

in medicine. Evolution of modern medicine would have never been possible 

without the use of x-rays. Today, equipments that utilize x-rays are used in all 

aspects of diagnostic as well therapeutic radiology. Applications include: 

general radiography, fluoroscopy, computed tomography and mammography. 

Despite the discovery of alternative imaging techniques such as ultrasound 

and magnetic resonance imaging (MRI), that utilize non-ionizing radiation, 

and hence deliver no risk to patients, x-ray radiation remains the most 

favourable technique for reasons related to its low cost and easy operation 

(UNCEAR, 2000).  

However, the use of x-ray radiation, even at low doses typically encountered 

in diagnostic radiology, is associated with the risk of cancer induction and 

other stochastic effects. In interventional radiology procedures radiation doses 

often exceed the threshold for deterministic effects. Numerous cases were 

reported in the literature for skin injuries during such procedures (ICRP, 

2001).   

In applications of ionizing radiation to problems related to medicine it is 

important to measure the quantity of radiation dose delivered to the patient.  In 

diagnostic procedures such as x-ray examinations, nuclear medicine, CT 

scans, PET etc. such measurements are important both for the optimization of 

image quality and for radiation protection purposes.  

The present work constitutes a part of the global effort in radiation protection 

of patients in diagnostic as well as interventional radiology. 
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1.1.2  Aims of the study 

(a) Radiation protection of patients in diagnostic radiology through the 

following procedures: 

1. Measurements of entrance surface doses to patients undergoing selected 

diagnostic x-ray examinations in Sudan and comparison of the results 

with established international reference dose levels.  

2. Study of two methods used for effective dose (ED) calculation in 

conventional diagnostic x-ray examinations and analysis of effective 

dose distributions among radiological departments in some Sudanese 

hospitals. 

(b) Optimization of patient dose in digital and interventional radiology 

through: 

1. Drafting of equipment requirements and specifications for digital and 

interventional radiology. 

2. Development of a quality control protocol for equipments used in digital 

and interventional radiology. 

3. Conducting a pilot study on quality control measurements at the selected 

hospitals for the study. 

4. Determination of copper-equivalent filters for use in diagnostic 

radiology. To investigate what thickness of copper filter is equivalent to 

appropriate PMMA phantoms in terms of attenuation, for different 

geometries and several tube voltages and filter combinations. 

1.1.3 Outline of the thesis  

 Following the introduction, a theoretical background for the research work is 

described in Chapter 2. It includes basic concepts on radiation physics, 

dosimetric quantities commonly used in diagnostic radiology and key 

conceptual principles about medical imaging and digital radiology. The 

research materials and methods used in the study are dealt with in Chapter 3, 

together with the experimental measurements performed. The study results 
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and discussion are presented in Chapter 4. In chapter 5 conclusions of the 

work are summarised.   

 

1.1.4 Biological effects of ionizing radiation 

There are two main biological effects of ionizing radiation: deterministic 

effects and stochastic effects.  

(a) Deterministic effects: 

These include the types of injuries resulting from whole-body or local 

exposures to radiation that cause sufficient cell damage or cell killing to 

substantial numbers or proportions of cells to impair functions in the 

irradiated tissues or organs (ICRP, 1977).  A certain threshold has to be 

exceeded before the effect is seen, and above the threshold, the severity of the 

effect is dose-related i.e. it will increase with increasing dose rate.  

The doses that result in the clinical appearance of the deterministic effects are 

generally of the order of a few Gray (Gy) to tens of Gray. The time at which 

the effect becomes noticeable may extend from a few hours to some years 

after exposure, depending on the type of the effect and the type of the 

irradiated tissue.  

Wagner et al. (1994) has listed the skin effects, threshold doses and time of 

observation of the expected effect after irradiation. An early transient 

erythema may be observed a few hours after irradiation of skin for absorbed 

doses in excess of 2 Gy, with a main erythema appearing about 10 days later, 

when skin doses exceed 6 Gy. A temporary epilation may be observed three 

weeks after an absorbed dose of 3 Gy to the skin surface with a permanent 

condition resulting at doses above 7 Gy. More severe cases of cataracts occur 

at thresholds above 5-6 Gy with a latent period of about a year after 

irradiation. 

Stochastic radiation effects:  
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Instead of being killed, the irradiated cell may be modified and continue to 

reproduce, potentially causing malignancy. Unlike the deterministic effects, 

there is no threshold for stochastic effects to occur.  The probability of an 

effect occurring is a function of dose, but the severity of the effect is dose-

independent (ICRP, 1977).  

Stochastic effects can be categorized as somatic (carcinogenic) effects or 

hereditary (genetic) effects, which may occur from injury to one or a small 

number of cells. Since a single cell may be enough to initiate the effect, there 

is a finite probability that the effect will occur however small the dose. 

  

1.1.5 System of radiological protection 

The primary aim of radiological protection is to provide appropriate standards 

of protection for humans from practices involving radiation exposure, without 

unduly limiting the benefits of these practices.  

The system of radiological protection for proposed and continuing practices is 

based on the following general principles (ICRP 1991, IAEA 1996): 

Justification of the practice:  

No practice involving exposure to radiation should be adopted unless it 

produces sufficient benefit to the exposed individuals or to society to offset 

the radiation detriment it causes. 

Optimization of protection:  

In relation to any particular source within a practice, the magnitude of 

individual doses, the number of people exposed, and the likelihood of 

exposures, where they are not certain to be received, should all be kept as low 

as reasonably achievable (ALARA), with economic and social factors being 

taken into account. 

Individual dose limits:  

The exposure of individuals resulting from the combination of all the relevant 

practices should be subject to dose limits. These are aimed at ensuring that no 
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individual is exposed to radiation risks from such practices which are judged 

to be unacceptable in any normal circumstances. Not all sources of radiation 

are susceptible to control by action at the facility, and it is necessary to specify 

the sources to be included as relevant before selecting a dose limit. For 

medical purposes dose limits are not applied. If a practice is justified and 

protection optimised, the dose to patient will be as low as compatible with the 

medical procedure. Any further constraint of doses might lead to the patient’s 

detriment. 

 

1.1.6 Equipment requirements for digital and interventional radiology 

 During the past decade there has been a substantial growth in both the 

number of digital and interventional radiology facilities and the number of 

procedures. Concerning the fraction of digital units of the total number of 

diagnostic radiology facilities, there is recent information for the Netherlands 

concerning chest radiography, indicating that this is about one third in the year 

2001 (Zoetelief and Faulkner, 2001). New radiological equipment in the 

Netherlands at the present time is almost exclusively digital. The majority of 

interventional procedures are carried out with digital equipment. 

The number and types of interventional radiology procedures are rapidly 

increasing. A study carried out in France and Germany in 1992 resulted in a 

list of over 400 types of procedures performed in a variety of medical imaging 

specialities, including neurological radiology, vascular radiology and 

cardiology (Maccia et al, 1995). Today this number will be increased due to 

the introduction of new procedures. 

X-ray imaging systems used in interventional radiology include image 

intensifier fluoroscopy with or without conventional angiography (cine-, spot-, 

or cut-film), digital fluoroscopy in combination with digital subtraction 

angiography (DSA) of arteries and veins, and computed tomography (CT) for 

guidance during the interventions. Equipment requirements and specifications 
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for digital and interventional radiology are necessary to facilitate the purchase 

of appropriate installations for specific purposes. Inappropriate equipment 

might lead to increased dose to patients and staff, insufficient image quality 

and, for interventional radiology, to inefficacious procedures with the 

potential for the occurrence of deterministic effects.  

The work includes a presentation of the various equipment requirements and 

performance specifications for equipment systems utilised in digital and 

interventional radiology. 

1.1.7  Patient dose in diagnostic radiology 

 X-ray examinations remain the most frequently used ionizing radiation in 

medicine, constituting the most significant man made source of radiation 

exposure for the world population (UNSCEAR, 2000). In diagnostic 

radiology, periodic dose assessments should be made to encourage the 

optimization of the radiation protection of patients (ICRP, 1991). Dose 

measurements are further required to compare different radiological 

techniques and to comply with guidelines and regulations.  

During the last two decades several dose surveys have been performed for the 

study of patient radiation doses in many countries around the world (Hart et al 

2002, Schandorf et al 1998, Saxebol et al 1990). The lesson learned is first of 

all the recognition of significant variations in patient doses between different 

radiological departments for the same type of examination. The reason 

justifies dose assessment in order to optimize the diagnostic radiology 

practice.  

In Sudan, not much work has been done for the assessment of radiation dose 

to patients in diagnostic radiology. Some measurements were recently 

performed for the entrance surface dose (ESD) for patients undergoing chest 

PA, AP and LAT in three paediatric hospitals in Khartoum area 

(Mohammadain et al, 2004). It was also observed that, in spite of the large 
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number of medical x-ray installations in Sudan, studies aimed at assessing 

patient dose in diagnostic radiology were rare. Typical doses encountered 

during these examinations are not exactly known.   

The present work was initiated with the aim of evaluating the radiation doses 

to patients undergoing some common diagnostic x-ray examinations in Sudan. 

It was anticipated that the study will help in optimization of radiation 

protection of patients.  

The patient dose was estimated in the present study in terms of entrance 

surface dose (ESD).  Estimated ESDs were compared with similar studies 

performed in Nigeria (Ogundare et al, 2004). The results were also compared 

with international established diagnostic reference levels (DRLs). Analysis of 

dose distributions among different radiological departments under study was 

also performed.  

 

1.1.8 Effective dose calculations in diagnostic radiology 

Due to the increasing hazard of diagnostic x-rays to human beings, studies 

aimed at achieving low patient doses with sufficient image quality have 

continued to be the area of research interest (ICRP 1991, UNSCEAR 2000).  

Patient dose surveys have been encouraged to optimize radiation protection of 

the patients. Radiation exposure to low doses typically encountered in 

diagnostic radiology may lead to malignant conditions. It is also recognized 

that hereditary effects and the induction of cancer have no observable 

threshold radiation dose.   

Radiation dose to patient in diagnostic x-ray examinations can be best 

estimated in terms of entrance surface dose (ESD) per radiograph or dose area 

product (DAP) for the complete examination (NRPB, 1992). On the other 

hand, effective dose is the best quantity for estimating radiation detriment to 

the patients. The major benefit of using the effective dose is that this 

parameter accounts for the absorbed doses and relative radio-sensitivities of 



 

 21

the irradiated organs in the patients and, therefore, better quantifies the patient 

risk (ICRP, 1991). However, the effective dose has the limitation that it can 

not be measured directly on a patient or a phantom; it has to be calculated.  

Effective doses are generally estimated from routine dose measurements using 

conversion factors appropriate to the conditions of the exposure (UNSCEAR, 

2000). These coefficients may be derived experimentally on the basis of 

physical anthropomorphic phantoms or calculated using Monte Carlo 

simulation techniques with mathematical phantoms. 

The purpose of the present work was to compare two methods used for 

effective dose (ED) calculation in conventional diagnostic x-ray examinations. 

The study aimed at investigating the estimation of ED from computation of 

energy imparted to patients as compared to estimated values using Monte 

Carlo methods, and to analyze the effective dose distributions among 

radiological departments under study. 

 

1.1.9 Quality control in digital and interventional radiology 

Digital and interventional radiology are increasingly important areas of 

radiology. In interventional radiology patient doses can be high, especially at 

such areas as the skin. Deterministic effects have been reported for patients, 

mainly local skin damage, but cases of deterministic effects have also been 

reported for medical staff performing interventional radiology. In general, in 

digital radiology, observable over-exposure as in the case of films used in 

radiology is no longer noticeable as a result of the large dynamic range of 

digital image receptors. Therefore, quality control (QC) of equipment used in 

digital and interventional radiology is of particular importance to avoid 

unnecessary high doses and to help to achieve good image quality. 

Within the European Commission (EC) research and technology development 

project DIMOND III, equipment requirements and specifications for digital 

and interventional radiology have been formulated (Zoetelief and Faulkner, 
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2001). The equipment requirements and specifications are of various types, 

including ergonomic, dosimetric and image quality aspects.  

In addition, a protocol for quality control (QC) tests of digital and 

interventional radiology equipment has been drafted, based on various 

national and international recommendations (Suliman et al, 2003). In the 

protocol quality control tests are available for various parts of the imaging 

chain, i.e. x-ray tube and generator; x-ray tube control system; display station 

and hard copy device; image quality and patient dose. Preliminary tolerance 

levels have been set for the various tests, based upon initial experience with 

various types of equipment at a local hospital in the Netherlands. 

 

1.1.10 Equivalent copper filters for use in radiology 

In its Fifth Framework Programme for radiation protection research, the 

European Commission (EC) has supported a multi-partner project entitled 

Measures for Optimising Radiological Information and Dose in Digital 

Imaging and Interventional Radiology (DIMOND). Constancy check 

protocols for fluoroscopic systems have been developed as a part of the work 

(Faulkner, 2001). In these protocols copper filters are preferred to patients or 

tissue equivalent phantoms made of water or polymethylmethacrylate 

(PMMA), because of practical reasons such as ease of handling and reduction 

in mass and size. The objectives are to derive patient entrance surface dose 

rates and the dose rates at the image intensifier input with the help of filters 

simulating the presence of a patient. The patient entrance surface dose rate is 

important, as deterministic effects, such as skin necrosis, have been 

encountered in interventional radiology procedures using inoptimized 

radiological equipment. For a typical adult patient the IAEA recommends 

dose rate guidance levels for fluoroscopy of 25 mGy min-1  in the ‘normal’ 

operational mode and 100 mGy min-1 in an optional ‘high level’ operational 

mode (IAEA, 2002). The dose rate at the image intensifier determines the 
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sensitivity of the fluoroscopic system. The DIMOND protocol states that 

copper sheets of either 1 mm or 1.5 mm thickness may be used. Furthermore, 

the DIMOND protocol defines two measurement geometries. In the first 

geometry, used to determine the patient entrance surface dose, the copper 

filter is placed close to the image intensifier. The ionization chamber used for 

measurement of radiation dose is placed on the side of the copper sheet facing 

the X-ray tube. The second geometry, used to determine the air kerma rate at 

the image intensifier, has the copper filter attached to the x-ray tube 

diaphragm. The ionization chamber is placed on the surface of the image 

intensifier housing. In both cases the inverse square law is used to correct for 

differences in position, if necessary. Measurements are performed with 

different settings of the X-ray unit and both with and without the use of an 

anti-scatter grid. 
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1.2  Literature review 

1.2.1 Conventional radiology 

Analysis of dose and dose distribution for patients undergoing selected x-

ray diagnostic procedures in Ghana ( Schandorf and  Tetteh , 1998) 

 

The authors determined the levels of dose and dose distributions for adult 

patients undergoing five selected common types of x-ray examinations in 

Ghana using thermo-luminescent dosimeters (TLDs) attached to the skin 

where the beam enters the patient. To assess the performance of each x-ray 

units surveyed, the mean of the entrance surface dose for patients whose 

statistics were close to a standard patient (70 kg weight and 20 cm AP trunk 

thickness) were compared to the European Commission (EC) guideline values 

for chest PA, lumbar spine AP, pelvis/abdomen AP and skull AP 

examinations. The third quartiles dose values were 1.3 mGy, 14.5 mGy, 12.0 

mGy and 7.9 mGy for chest PA, lumbar spine AP, pelvis/abdomen AP and 

skull AP, respectively. Analysis of the data showed that 86%, 58%, 37.5% and 

50% of radiographic units delivered a mean dose greater than the EC guideline 

values for chest PA, lumbar spine AP, pelvis/abdomen and skull AP, 

respectively. This suggests that the radiographic departments should undertake 

a review of their radiographic practice in order to bring their doses to optimum 

levels. Wide variations in patient dose for the same type of x-ray examination 

have been evident from various international dose surveys. Reference dose 

levels provide a framework to reduce this variability and aid in the 

optimization of radiation protection.  

 

Reference dose levels for patients undergoing common diagnostic x-ray 

examinations in Irish hospitals (Johnston and Brenann, 2000) 
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The authors studied patient doses in the most common x-ray examinations: 

chest, abdomen, pelvis, and lumbar spine. The aim of the study was to 

establish, for the first time, a baseline for national reference dose levels in 

Ireland. Measurements of entrance surface dose using thermo-luminescent 

dosimeters (TLDs) for these four x-ray examinations were performed on 10 

patients in each of 16 randomly selected hospitals. This represented 42% of 

Irish hospitals applicable to the study. Results have shown wide variation of 

mean hospital doses, from a factor of 3 for an anterior-posterior lumbar spine 

to a factor of 23 for the chest x-ray. The difference between maximum and 

minimum individual patient dose values varied up to a factor of 75.  Reasons 

for these dose variations were complex but, in general, low tube potential, 

high mAs and low filtration were associated with high–dose hospitals. This 

study also demonstrated lower reference dose levels of up to 40% when 

compared with those established by the UK and the European Commission for 

four out of six projections. Only the chest x-ray exhibited a similar reference 

level to those established elsewhere. This emphasizes the importance of each 

country establishing its own reference dose levels that are appropriate to their 

own radiographic techniques and practices in order to optimize patient 

protection.     

 

Radiological parameters and radiation doses of patients undergoing 

abdomen, pelvis and lumbar spine x-ray examinations in three Nigerian 

hospitals (Ogundare et al, 2004). 

 

The authors used thermo-luminescent dosimeters (TLDs) to measure the 

entrance surface doses (ESDs) of patients undergoing pelvis, abdomen and 

lumbar spine diagnostic x-ray examinations in Nigeria. A total of three public 

hospitals and 171 patients were included in the investigation. The ages of the 



 

 26

patients involved were from 40 years to 85 years, while their weights ranged 

from 64 kg to 73 kg. Mean, median, first and third quartiles of ESDs were 

reported. The results showed that in most cases, for each of the examinations, 

the individual ESD values were found to be comparable with, and higher than, 

those from Ghana and Tanzania, respectively. The mean ESD values were 

also found to be within the range of mean ESD values that have been 

previously reported from countries outside Africa. When compared with the 

European Commission (EC) reference values, the mean ESDs were found to 

be below the reference values in only two of the hospitals. The ranges found 

in this work were high and this indicates more attention needs to be given to 

x-ray facilities in the country. This also suggests that radiographic 

departments need to review their radiographic practices in order to bring their 

doses to optimum levels. Effective doses were also calculated from the ESD 

values. The mean effective doses were found to be generally low when 

compared with those found in the literature from other countries including two 

African countries. The radiographic parameters used for all the patients were 

also compared with the European Commission criteria. It was recommended 

that the tube filtration at one hospital be increased. The importance of good 

regulatory activities and trained personnel is stressed in the work. The data 

provided in the work will be useful for the formulation of national guidance 

levels.  

 

Effective dose and energy imparted in diagnostic radiology (Huda and 

Gkanatsios, 1997) 

 

The patient effective dose (ED) is an indicator of the stochastic radiation risk 

associated with radiographic or fluoroscopic x-ray examinations. Determining 

effective doses for radiological examinations by measurements or calculations 

is generally very difficult. By contrast, the energy imparted (ε) to the patient 
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may be obtained from the x-ray exposure-area product incident on the patient. 

As energy imparted is approximately proportional to the effective dose for any 

given radiographic view, the availability of ED/ε ratios for common 

radiographic projections provides a convenient way for estimating effective 

doses. The authors obtained ratios of ED/ε for 68 projections using ED and ε 

values obtained from published dosimetry data computed using Monte Carlo 

techniques on an adult anthropomorphic phantom. The average ED/ε ratio for 

68 projections in adults was 17.8 ± 1.4 mSv/J, whereas uniform whole body 

irradiation corresponds to 14.1 mSv/J. The major determinant of ED/ε ratios 

was the projection employed (the body region irradiated and x-ray beam 

orientation), whereas the tube potential and beam filtration were of secondary 

importance. Adult ED/ε ratios may also be used to obtain effective doses to 

paediatric patients undergoing x-ray examinations by application of a 

correction factor based on the patient mass. 

 

1.2.2 Digital and interventional radiology 

Skin radiation injuries in patients following repeated coronary 

angioplasty procedures. (Vano et al , 2001a) 

The authors performed measurements of maximum skin dose, dose area 

product and other operational parameters. Coronary angiography and 

percutaneous transluminal coronary angioplasty procedures performed in four 

different facilities were monitored in the study. Radiographic slow film, 

thermoluminescent dosemeters and transmission ion chambers were used to 

measure dose related quantities. The following results were found: Values of 

711±107 mGy for maximum skin dose and 370.6± 27.3mGy cm
2 

for dose area 

product together with cumulative skin dose estimates of 3706 ±110mGy. The 

made a discussion of the relationship of measured dose area product and skin 

dose values using a field concentration factor defined as a way to interpret the 
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findings. No general correlation was observed between dose area product and 

maximum skin dose. Cumulative skin dose estimates throughout a procedure 

should be discarded as a realistic method for assessing deterministic risk in 

cardiology procedures. The authors suggest the use of slow film in addition to 

thermoluminescent dosemeters for measurement of maximum skin dose as a 

good alternative, especially for complex interventional procedures. For 

repeated procedures, combining film and dose area product monitoring 

favours optimization of radiation protection for the patient.  

Skin dose and dose-area product values for interventional cardiology 

procedures. (Vano et al , 2001b) 

The authors investigated the incidence of skin injuries and retrospectively 

estimates skin doses in a sample of patients who had multiple coronary 

angiographies and who underwent more than four percutaneous transluminal 

coronary angioplasties (PTCAs), performed primarily by the same team of 

cardiologists in a university hospital. A database of 7824 PTCAs performed 

during 14 years was analysed. Patients were selected and reviewed by a 

cardiologist and two radiotherapists with experience in radiation-induced skin 

injuries. A retrospective analysis of skin doses was performed using data from 

the patients’ files and from the quality assurance (QA) 

Programme of the hospital, which includes periodic patient dose 

measurements. 14 patients were included in the study. Each patient had 

undergone between 4 and 14 coronary angiographies and between 5 and 10 

PTCAs, performed over a period of 2–10 years. The estimated mean dose–

area product per procedure was 46 Gy cm2 for coronary angiography and 82 

Gy cm2 for PTCA. Mean values of maximum skin dose per procedure were 

217 mGy for the diagnostic studies and 391 mGy for the PTCAs. Only a slight 

radiation skin injury was clinically demonstrated in one patient with a history 

of 10 coronary angiographies and 10 PTCAs (estimated maximum skin dose 
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9.5 Gy). Another patient who underwent 14 coronary angiographies and 10 

PTCAs. (estimated maximum skin dose 7.3 Gy) showed a slight telangiectasia 

and discrete pigmentation. Another patient with a cutaneous lupus 

erythematosus showed pigmentation in the area of the radiation field 

following seven coronary angiographies and six PTCAs (estimated maximum 

skin dose 5.6 Gy), as expected bearing in mind that skin tolerance to high 

doses may be altered for patients with this pathology. Each of the remaining 

11 patients with no skin injuries had undergone between 5 and 7 PTCAs and 

between 5 and 14 additional angiographies. None of the 14 patients reported 

acute skin injuries and no necrosis or radiodermatitis was observed. 

 

A study of patient radiation doses in interventional radiology procedures 

(McParland, 1998a) 

A dose survey of interventional radiology procedures performed on a digital 

angiography unit, its analysis and comparison with other data in the literature, 

are reported.  

Owing to the complexity of interventional radiology (IR) procedures, accurate 

assessment of patient doses is difficult and averaging over varying beam 

qualities and anatomical projections is therefore necessary. Dose area product 

(DAP) values were recorded separately, for fluoroscopy and digital 

radiography. With knowledge of beam quality, anatomical region imaged and 

radiographic projection, the effective dose can be estimated from the DAP 

value using a factor for converting DAP measurements to effective dose 

derived from Monte Carlo simulations. The hypothesis that therapeutic 

procedures have significantly higher DAP values than diagnostic procedures 

was tested for five sets of pairs of procedures, each in the same anatomical 

region, so that the DAP to ESD conversion factor for each pair was equal. 

Even though there may appear to be a large difference in mean DAP values 
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between the two categories, only one pair showed a statistically significant 

increase in mean DAP values for the therapeutic procedure over the diagnostic 

procedure.  

There was evidence of a wide variation in patient radiation dose due to 

clinical technique differences, statistical sampling and type of x-ray 

equipment used.  

 

Entrance skin dose estimates derived from dose area product 

measurements in interventional radiological procedures (McParland, 

1998b) 

 

A method is presented for estimating entrance skin dose (ESD) from 

measured dose area product (DAP) data for a number of interventional 

radiological (IR) procedures by assuming that each procedure is conducted 

under a fixed nominal geometry specific to it. The uncertainties due to the use 

of a single nominal geometry for a procedure are analysed. Finally, ESD 

estimates are provided for a number of non-coronary procedures using DAP 

data accrued for an IR dose survey. Changes in ESD caused by deviations in 

the focus-to-skin and focus-to-image intensifier distances from the nominal 

value are well modelled. The dependence of the dose error upon the image 

intensifier field-of-view is significant, due to the field area dependence of the 

denominator in the model. Even for the nominal geometry, there is a 

difference between the calculated and measured doses due to the 

measurements performed on a homogeneous phantom. The ESD uncertainty is 

also due to the additional collimation and image intensifier field-of-view used. 

The overall uncertainty is comparable to that of other methods commonly 

adopted to estimate ESD. Moreover, the ease of the proposed method allows 

large numbers of patients to be surveyed.  
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1.2.3 Quality control in diagnostic radiology 

Quality control in diagnostic radiology in the Netherlands (Zoetelief, 

1998) 

Application of the general principles of radiation protection to medical 

diagnostic radiology implies that each procedure using x-rays or radio-

nuclides is to be justified and optimised. Optimisation in diagnostic radiology 

implies that the radiation burden to the patient should be as low as possible, 

but compatible with the image quality necessary to obtain an adequate 

diagnosis or to guide treatment. Quality control of equipment is a prerequisite 

for achieving optimisation in diagnostic radiology. This was especially 

recognised for mammography as employed for breast cancer screening. 

Existing legislation in the Netherlands includes only a few criteria for 

equipment used in diagnostic radiology. In addition, the criteria are not all 

operational and measurement methods are lacking. Therefore, upon the 

initiative of the Dutch Ministry of Health, Welfare and Sports, the relevant 

professional societies, in collaboration with the former TNO Centre for 

Radiological Protection and Dosimetry, formulated eleven guidelines for 

quality control of equipment used in diagnostic radiology, including test 

procedures, test frequencies and limiting values. The implementation of 

quality control of equipment was included in the 1984 European Commission 

Directive (84/466/Euratom), laying down basic measures for the radiation 

protection of persons undergoing medical examination or treatment. In the 

most recent European Directive on medical exposure (97/43/Euratom) the 

importance of quality control is stressed. In addition, the latter EC directive 

proposes the use of diagnostic reference levels for limiting the risks for 

patients undergoing diagnostic radiology. Preliminary reference levels for 

various procedures employed in diagnostic radiology in the Netherlands are 
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suggested. Finally, methods applied in the Netherlands for assessment of 

image quality are discussed. 

Guidelines for quality control of equipment used in diagnostic radiology 

in the Netherlands (Van den Berg  et al, 1998)  

The Dutch working group on quality criteria for equipment used in diagnostic 

radiology has formulated guidelines providing technical criteria for equipment 

used in conventional diagnostic radiology. These guidelines are applicable to 

the technical parameters having a major impact on image quality and patient 

dose and include methods for testing. The following parameters are included: 

tube voltage, automatic exposure control, film processing, film-screen 

combination, light tightness and illumination of the dark room, half-value 

layer and filtration, light field, grid, focal spot size, viewing boxes and 

geometrical indicators. Each guideline consists of chapters on scope and field 

of application, background information,  test procedure, test frequency, 

registration of observations,  evaluation and interpretation and test report. The 

chapter on test procedure includes both the principles of the test method and a 

step by step description of the procedures. The principles of the test procedure 

provide a basis for adaptation to local circumstances. The step by step test 

procedure allows a quality control measurement to be performed with limited 

physical knowledge of the equipment. The chapter on evaluation and 

interpretation includes limiting values. Draft guidelines were evaluated in 

practice in 20 hospitals. The final document has been accepted by the 

professional societies in the Netherlands and the Dutch Ministry of Health as a 

reference set of tools to perform quality control of equipment used for 

conventional diagnostic radiology. 

Phantoms for computer assisted quality control in diagnostic radiology 

(Gfirtner et al, 1993) 
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A portable PC makes possible the reliable organization of the procedure for 

quality assurance in diagnostic radiology. All specifications and operating 

instructions are displayed on the screen. The possibility of on-line measuring 

kV and dose is integrated. Prompt comparison with standard data is 

performed. In the case of significant deviations a warning message is 

displayed and a repeated measurement performed immediately may clear the 

situation. In this connection a trend analysis, which is available, may be very 

helpful. In the conclusive evaluation, data can be added to records and charts. 

A list of items which exceed the tolerance levels or warning limits is printed 

out. 

Quality control in conventional diagnostic radiology in Greece         

(Neofotistou et al, 1995)

Four hundred tubes in 187 x-ray diagnostic units were tested according to the 

protocol for the quality control of conventional x-ray units issued by the 

Hellenic Association of Medical Physicists. The analysis of test results 

showed that 70% of diagnostic rooms were adequately shielded but only 30% 

had warning labels or signs. Of the generators assessed, 55% showed 

acceptable linearity, 65% had good kVp accuracy whereas 25% operated with 

single-phase waveform. Of the x-ray tubes checked, 70% had adequate beam 

filtration, 40% had a focal spot size less than 1.3 mm and 75% had proper 

beam alignment. Eighty per cent of the standing buckies  tested had FFD = 1 

m. Of the fluoroscopic units assessed, 80% were equipped with image 

intensifier, 60% had a proper limit timer whereas in 25% beam limitation was 

performed automatically. Moreover, in 60% of the radiographs image quality 

could be improved by improving the working condition of film processors and 

intensifying screens. The results confirmed the need for the propagation of 

quality assurance in Greece.  
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Knowledge based approach to quality control in diagnostic radiology 

(Contento et al, 1995)  

The design and prototype implementation of a knowledge based system (KBS) 

devoted to the quality control (QC) of x-ray imaging (mammographic) 

equipment is briefly reported. Following the steps in KBS development 

reported in the artificial intelligence literature a conceptual analysis of the 

problem domain is first performed, identifying the relevant objects, concepts 

and their relations, as well as the tasks/goals involved in current practice. In 

particular, plans are individuated and explicitly represented that are sequences 

of relevant actions followed by the experts in QC practices. The computable 

form of plans constitutes the core part of the KBS. One of the plans developed 

aims at diagnosing malfunctions of the mammographic equipment on the basis 

of the data which are daily collected during a routine QC programme, i.e. a 

performance test with a phantom and the sensitometric strip. 

 

Image quality tests of conventional and digital radiographic equipment 

(Nielsen et al, 1993)  

The optimization of image quality and at the same time the reduction of the 

absorbed dose to the patient is a main task for physicists and engineers 

involved in diagnostic radiology. A necessity for this is a good tool for 

evaluation of the image quality.  In this study, a new test phantom, the 

standard test phantom (STP) for image quality optimization and quality 

assurance is introduced. All test phantoms include a reference film obtained 

with an optimized system together with quantitative data. The STP is designed 

for visual as well as quantitative evaluations of: spatial resolution, contrast, 

contrast detail, scatter-to-primary ratio, kVp estimation, test of coincidence 

between the light and the x-ray fields, measuring of image intensifier size, pin-

cushion distortion of image intensifier, determination of the contrast transfer 
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function, simple test of automatic exposure control units (optical density as a 

function of object size) and the magnification ratio, which can be measured 

directly from the image. The results are shown by comparing mainly digital 

imaging techniques with conventional techniques. Suggestions for a quality 

assurance programme with the STP are presented. 
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CHAPTER TWO  

THEORETICAL BACKGROUND 

2.1 Radiation Physics 

In this chapter the physical processes of interaction between radiation and 

matter are presented qualitatively (Burcham 1963, Evans 1968, ICRU 1984). 

The probabilities of interaction in dependence on photon energy and the 

composition of the irradiation matter. Uncharged particles e.g., photon can 

traverse matter over relatively long distance without interaction. When 

charged particles enter matter, however, many interactions will occur until the 

particle will have lost almost all its energy at a certain depth, i.e., the range of 

a charged particle in a particular material is dependent on its charge, mass and 

energy. Charged particles of sufficient kinetic energy are referred to as 

directly ionizing radiation. These ionizations in matter are produced through 

the Coulomb force. In contrast to these, uncharged particles of sufficient 

energy can only produce ionizations through secondary charged particles 

liberated in specific interaction processes (Jansen, 1998).  

2.1.1 Interactions of photons with matter  

In the energy interval between 10 keV and 100 MeV, photons can interact 

with matter, e.g., body tissues, through five types of processes. These are the 

photo-electric effect, Compton or incoherent scattering, Rayleigh or coherent 

scattering, pair production and photonuclear absorption. These interactions are 

described in some detail in the next paragraphs.  

2.1.1.1 Photo-electric effect  

In the case of the photo-electric effect, the incident photon delivers almost all 

of its energy to an orbital electron in an atom. The liberated electron escapes 

from the atom with a kinetic energy approximately equal to the energy of the 

incident photon minus the binding energy of the orbital electron. A small part 
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of the photon momentum is adsorbed by the nucleus to obey both energy and 

momentum conservation. Due to the large mass of the nucleus compared to an 

electron the energy transferred to the nucleus is only a very small fraction of 

the total energy transferred. This fraction can be neglected in calculation of 

the kinetic energy of the photo-electron. The ionized atom will emit 

characteristic X-ray photons, also referred to as fluorescent photons, and or 

Auger electrons to refill the vacancy in the electron orbits resulting from the 

interaction. Finally the atom will be neutralized by free electrons present in 

the irradiation matter.  

The probability of occurrence of the photo-electric effect is generally highest 

for the K and L shell electrons, which are nearest to the nucleus. Photo-

electric absorption is the predominant type of interaction at low photon 

energies, i.e., below 30 keV for water and below 600 keV for lead. In general, 

with increasing photon energy there is a decreasing probability for occurrence 

of the photo-electric effect. Exceptions to this rule are due to the electron 

binding energy, i.e., when the incident photon has just Insufficient energy to 

release e.g., a K shell electron, the probability of a photo-electric effect 

decreases stepwise compared to the situation where a photon has just enough 

energy (Jansen 1998).  

2.1.1.2  Compton scattering 

The interaction of incident photon with an orbital electron of an atom, where 

the photon energy is partly transferred to an orbital electron and partly to a 

photon, is referred to as Compton or incoherent scattering. This process is 

inelastic, because part of the energy is used to liberate the electron. When the 

photon energy is much larger than the binding energy of the electron, 

however, the elastic scattering approximation can be applied quite well. 

Taking into account the conservation of energy and momentum, the angle and 

energy of the Compton electron and the energy of the Compton photon can be 
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calculated from the incident photon and the angle of the Compton photon. The 

ionized atom will return to the ground state as described for the photo- electric 

effect. The probability of interaction is equal for each orbital electron. As the 

outer shells have larger number of electrons, the process will occur there more 

often. With increasing photon energy, the probability of Compton interaction 

increase until a maximum is reached at 40 KeV for water and 90keV for lead. 

For energies in excess of this maximum, the interaction probability decreases 

with increasing photon energy. Compton scattering is the predominant type of 

interaction in the photon energy range from 30 keV to 24 MeV for water and 

from 600 keV to 5 MeV for lead.  

2.1.1.3 Rayleigh scattering  

The elastic scattering of an incident photon by matter is known as Rayleigh or 

coherent scattering. Conservation of energy and momentum cause only a very 

small energy loss to the incident photon. The atom is neither excited nor 

ionized. The main result of the interaction is a change in the direction of the 

incident photon. For higher photon energies, i.e., in excess of 0.5 MeV, the 

photon is scattered mainly in the forward direction (Burcham 1963). For a 

regular crystal structure this interaction is responsible for X-ray diffraction 

phenomena. Since human tissues and organs do not have a regular crystal 

structure, diffraction is not of importance within the scope of this thesis. 

Coherent scattering is never a predominant interaction process of photons with 

matter in the energy range relevant for diagnostic radiology. Coherent 

scattering is a general interaction process between radiation and matter and 

extends to the visible and ultra violet light range of the electromagnetic 

spectrum. Within increasing photon energy the probability of coherent 

interaction is decreasing (Jansen 1998).  
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2.1.1.4 Pair production  

Pair production is the process in which the annihilation of a photon in an 

electromagnetic field coincides with the creation of an electro-positron pair. In 

the vicinity of a nucleus, this interaction can only occur when the energy of a 

photon is at least twice the rest energy of an electron, i.e., 1.022 MeV. 

Conservation of energy and momentum forbids this process to occur in 

vacuum. The remaining energy of the incident photon is distributed among the 

electron – positron pair, while the nucleus takes momentum but nearly no 

energy. In the neighborhood of an orbital electron the minimum photon 

energy required for pair formation is four times the rest energy of an electron. 

This is because a double pair is produced. The remaining kinetic energy, i.e., 

the energy of the incident photon minus 2044 MeV is distributed between 

both electron-positron pairs and the orbital electron. The electron and positron 

lose their energy in matter through coulomb interactions as describe in the 

next section. The electron can attach to a positive ion to form a neutral atom. 

The positron is annihilated after recombination with an electron, as describe in 

one of the next paragraph. The probability of pair production starts at 1.022 

MeV and increases with increasing photon energy (Jansen, 1998). 

2.1.1.5 Photonuclear absorption  

In the case of photonuclear absorption or photodisintegration a photon is 

absorbed by a nucleus resulting most usually in the ejection of one or more 

particles such as protons or neutrons. Due to the large binding energy of the 

particles in the nucleus, high threshold photon energy exists, below which the 

photonuclear absorption dose not occur. As photon energy increases above 

this threshold the probability of photonuclear absorption increases until a 

maximum is reached followed by a decrease. The photonuclear absorption has 

only limited influence on the energy dissipation in matter, since the 

probability for occurrence of the photonuclear effect is as much as 5 to 10% of 

the total photon interaction probability (Hubbell et al, 1995). However, due 
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the production of the neutrons, photonuclear reactions are important for the 

construction of shielding of high energy photons.  

In very heavy nuclei photon absorption can induce the nucleus to break down 

into large pieces, referred to as photo fission. The threshold photon energy is 

typically 5 MeV and the photon energy dependent reaction probability shape 

is comparable to photonuclear absorption. Other less-probable photon atom 

interactions, such as nuclear-resonance scattering and Delbruck scattering are 

omitted. 

2.1.2 Interactions of electrons with matter  

The main process by which a charged particle loses energy in passing through 

matter is the non-relativistic collision energy loss, Cherenkov radiation and 

Bremsstrahlung production. The first two interactions are combined in the 

mass collision stopping power and the third in the mass radiative stopping 

power (ICRU 1984). In addition the positron annihilation process is described 

in this section.  

2.1.2.1 Non-relativistic collision energy loss 

The collision energy loss of a charged particle to an electron is governed by 

the Coulomb forces. The non relativistic collision loss of energy is 

approximately proportional to the square of the charge of the particle 

inversely proportional to the square of it is velocity and independent of the 

mass of the particle. The atom is excited or ionized and will emit 

characteristic X-ray and or Auger electron (previous section). The direct 

removal of the electron from neutral atoms by the incident particle is the 

primary ionization. If their energy is large enough, the secondary electrons 

also produce ionizations, referred to as delta-rays. For incident electron the 

maximum energy transferred to the orbital electron is half its total energy, 

because no distinction can be made between the two electrons. As positrons 

can be distinguished from electrons, they can transfer all their energy to an 
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orbital electron. When the incident particle is no longer able to produce 

ionizations it has reached tine end of its track in the medium. For heavy 

particles most interactions will only result in a small deviation. Electrons, 

however, will be scattered over larger angles. 

The interactions mentioned above involve mainly orbital electrons. However, 

the incident particle can interact also with the nucleus through elastic 

scattering. Elastic scattering of electrons and positrons occurs predominantly 

at small angles. The cross sections are very large, although little energy is 

transferred.  

2.1.2.2 Cherenkov radiation  

The electrical field of a charged particle traveling through matter will produce 

macroscopic polarization, due to displacement of bound electrons. The time 

variation of this polarization can in principle lead to radiation fields at same 

distance, for transparent mediums. If the particle exceeds the velocity of light 

in this medium, the different polarizations along the track will be coherent and 

Cherenkov radiation results. The cosine of the angle of the incident particle 

and the Cherenkov photon is the light velocity of the charged particle. The 

radiation is emitted predominantly at the blue end of the visible light 

spectrum. The Cherenkov radiation loss is of order of 0.1% of the energy loss 

by ionization for a relativistic particle in a typical transparent medium 

(Burcham 1963). 

2.1.2.3 Bremsstrahlung   

If a charged particle enters the coulomb field of the nucleus, the acceleration 

or Deceleration will be proportional to the product of both charges divided by 

the mass of the incident particle. According to classical electrodynamics the 

intensity of the resulting radiation will be proportional to square of the 

acceleration. This process referred to as Bremsstrahlung is therefore of less 

importance for protons than for electrons. For electrons with energies above a 
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few MeV, Bremsstrahlung is an important mechanism of energy loss, 

especially in material of high atomic number. An electron with known kinetic 

energy passing through a thin layer of material may in each radiation collision 

give rise to a Bremsstrahlung photon of any energy between 0 and the 

electron’s kinetic energy. Since small deflections are more probable than large 

deflections, low energy quanta are emitted preferably. However, when the 

energy loss per unit frequency of the photon is calculated in first 

approximation a flat distribution is observed. The Bremsstrahlung energy loss 

increases with increasing electron energy. The angle between the incident 

electron and the Bremsstrahlung photon is approximately inversely 

proportional to the total electron and energy. Increasing electron energies will 

constrain the photons more to the forward directions.  

2.1.2.4 Positron annihilation 

When a positron has lost all of its kinetic energy it annihilates through 

recombination with an electron. In this process, both particles disappear and 

two photons are formed. If the positron-electron annihilation occurs at rest, 

both photons have energy of 0.511 MeV and are emitted at opposite 

directions. The annihilation of the electron-positron pair can also occur in-

flight, where the photon directions are no longer opposite. The number of 

photons created also can be one, only possible in the coulomb field of a 

nucleus, or three and higher-photons annihilation. The higher-order process is 

very much suppressed relative to the two-photon process (at least a factor of 

1/137) while the one-photon process competes with the two-photon process 

only at very high positron energies where the cross section becomes very 

small.  

2.2 Basic dosimetric quantities   

The effect of radiation on matter depends on the magnitude of radiation field, 

as specified by the radiometric quantities and on the degree of interaction 
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between the radiation and the matter. Since dosimetric quantities are devised 

to provide a physical measure to correlate actual or potential effects, they are, 

in essence, products of the radiometric quantities and interaction coefficients. 

Although dosimetric quantities are calculated as such products, they are not 

defined in this manner, primarily because they are measured directly. 

2.2.1 Radiometric quantities  

Given a situation where particle are coming out from a sphere of cross-

sectional area da. The fluence φ  comprise dN particles that emerging from the 

sphere. It is valid that (Boss 2001): 

dN
da

Φ =     (m-2)                     (2.1) 

The energy carried by the photons in an x-ray beam is specified in terms of 

the energy fluence, Ψ . It is defined as the quotient of dR by da , where dR is 

the radiant energy incident on sphere of cross-sectional area da (ICRU 1984) : 

dR
da

Ψ =     (Jm-2)                    (2.2) 

The unit of energy fluence is Jm-2.  

In radiation protection, time dependence of fluence and energy fluence plays a 

very important role. The time dependant of fluence and energy fluence are 

called, respectively, fluence rate and energy fluence rate (Bose 2001).  

φ
Φ= d

dt
                (m-2s-1)            (2.3) 

d
dt

ψ =
Ψ               (Jm-2s-1)           (2.4) 

2.2.2 Exposure  

Exposure is a term used to describe the intensity or strength of an x-ray source 

on the basis of its ability to ionize air. Exposure is used to quantify the amount 

radiation directed at a screen-film cassette or image intensifier, but does not 
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quantify patient risk (Huda, 1997). Energy lost from the X-ray beam via the 

photoelectric and Compton interactions produces electron –ion pairs that can 

be counted using an ionization chamber. 

Exposure is the total charge of electrons produced by x-ray photons 

interacting with a mass of air. The unit for exposure is the roentgen (R), which 

is equal to 2.58x10-4 C/kg (Huda, 1997). 

2.2.3 Kerma 

The kerma, K, relates to the transfer of radiant energy from ionising particles 

(photons) to the kinetic energy of secondary ionising particles (secondary 

electrons). It is defined as the quotient of dEtr by dm, where dEtr is the sum of 

the kinetic energies of all the charged particles librated by uncharged ionizing 

particles in material of mass dm (Zoetelief et al, 2000): 

trdEK
dm

=  (Jkg-1)                    (2.5) 

Unit of kerma is Jkg-1, special unit is Gray (Gy) 

For the energy fluence, Ψ , of uncharged particles, the kerma, K, in specified 

material is given by: 

trK ⎛
= ⎜

⎞
⎟ρ⎝ ⎠

μψ      (Jkg-1)                       (2.6) 

where, /enμ ρ  is the mass energy transfer coefficient of the material of these 

particles. Err includes for photons the energy that is radiated in Bremsstrahlung 

by their secondary particles and it also includes the energy of Auger electrons.  

Kerma has a defined value for a material sample of infinitely small size which 

is embedded in some other materials or which is positioned in free space or at 

a point in a different material. This is the value which would be obtained if 

small mass of the specified material were placed at a point of interest. The 

size of the material is usually not critical as long as the presence of the sample 

dose not appreciably disturb the field of the indirectly ionising particles.  
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Q

2.2.4 Absorbed dose 

The quantity which is more directly correlated to biological effects of 

radiation in an object (total body or organ) is the absorbed dose. To arrive at 

the definition of the absorbed dose it is useful to introduce the concept of the 

stochastic quantity energy imparted.  

The stochastic quantity energy imparted (ε) by ionising radiation to the matter 

in a volume is: 

in outR Rε = − + ∑  (J)  (2.7) 

Rin is the radiation energy, i.e. the sum of the kinetic energies of all those 

charged and uncharged ionising particles which enters the volume, Rout the 

radiation energy emerging from the volume, i.e. the sum of the kinetic 

energies of all those charged and uncharged ionising particles which leave the 

volume, and  the sum of all changes (decreases: positive sign, increases: 

negative sign) of the rest mass energy of the nuclei and elementary particles in 

any nuclear transformations which occur in the volume. 

Q∑

The absorbed dose (D) is related to the absorption of the radiant energy in 

matter. It is defined as the quotient of dε  by dm, where  dε  is the mean 

energy imparted by ionising radiation to a matter of mass dm: 
__
dD
dm

ε=     (Jkg-1)                           (2.8) 

The unit of absorbed dose is Jkg-1 . The special for the unit for the absorbed 

dose is Gray (Gy), but the unit mGy is frequently used. The absorbed dose 

results in two steps process. First one determines the energy imparted. In 

principle this involves repeated exposures of a finite mass to the specified 

irradiation condition and averaging of results; thereby a mean value is 

estimated. This mean value is proportional to the mean absorbed dose in the 

finite mass. To obtain the absorbed dose, one has to perform further limiting 

process, which consists in reducing the size and the mass of the exposed 
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volume towards zero; the latter process is indicated by the differential in the 

definition.  

For the energy fluence, Ψ , of uncharged particles, the absorbed dose, D, in 

specified material is given by:  

enD ⎛ ⎞
= ⎜ ⎟ρ⎝ ⎠

μψ    (Jkg-1)                (2.9) 

where, /enμ ρ  is the mass energy absorption coefficient of the material for 

these particles.  

For directly ionising radiations i.e. charged particles, dose can be derived from 

charged particle (e.g. electrons) fluence and the mass collision stopping 

power:  

m
el

SD ⎛ ⎞
= ⎜ ⎟ρ⎝ ⎠

Φ      (Jkg-1)               (2.10) 

where Dm  is a dose to a material m, and ( )/
el

S ρ is the mass collision 

stopping power of the particle in the material. 

 

2.2.5 The relations between basic dosimetric quantities 

2.2.5.1 Charged particle equilibrium   

Charged particle equilibrium in a point of irradiated medium is a condition in 

which for every charged particle that leaves the point in the volume-element 

v, another charged particle with the same sort; energy and direction enter the 

volume-element (Bose et al, 2001).  

2.2.5.2 Absorbed dose and kerma 

For indirectly ionising radiation under conditions of charged particle 

equilibrium the absorbed dose to a material m is related to kerma in the same 

material. Photons the following relation is valid: 

m mD K (1 g= − )     (Jkg-1)                 (2.11) 
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where g is the fraction of the energy of secondary charged particles that is lost 

to Bremsstrahlung. When the condition of charged particles are fulfilled and 

Bremsstrahlung loses are negligible, absorbed dose and kerma are almost 

equal, if expressed in the same reference material. 

Absorbed doses to different tissues can be derived from the following 

equation: 

en
med a

med,a

D ⎛ ⎞μ
= ⎜ ⎟ρ⎝ ⎠

K    (Jkg-1)          (2.12) 

where medD  is a dose to medium (med) and ( ) ,
/en med a

μ ρ is the ratio of mass 

energy absorption coefficients of specified material to an air and  is the air 

kerma measured by an appropriate dosimeter.  

aK

2.2.5.3 Exposure and absorbed dose 

Absorbed dose to air,  from a beam of x- or gamma ray can be related to 

the exposure, X, by the following equation (Bose et al, 2000): 

airD

cpe
air

air
WD

e
= X                          (2.13) 

where  is energy required to produce an ion pair (= 33.97 eV for x-ray in 

air), and e is the electronic charge.  

airW

The absorbed dose to air,  in Rad (= 10airD -2 Gy) from x-ray photons is related 

to exposure, X, in rontegen by the following (Bose et al, 2000): 

airD (rad) 0.876X(R)=         (2.14) 

 

2.3 Dosimetric quantities for diagnostic radiology 

2.3.1 Absorbed dose  

Several quantities are used in quantifying the amount of radiation incident on 

a patient in radiology. In x-ray radiography and/or fluoroscopy quantities 

widely used are: the entrance surface air kerma (ESAK); the entrance skin 
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exposure (ESE); the entrance surface dose (ESD) and the dose area product 

(DAP).  Before these quantities are defined the air kerma, Ka, is introduced. 

The air kerma free in air, Ka, is defined as the kerma in air, in a point 

positioned in air (ICRU, 1992). 

2.3.2 Entrance skin exposure (ESE) 

Entrance skin exposure is defined as the exposure in roentgens at the skin 

surface of the patient without the backscatter contribution from the patient 

(Huda, 1997).  

This measurement is popular because entrance skin exposure is easy to 

measure, but unfortunately the entrance skin exposure is poorly suited for 

specifying the radiation received by patients undergoing radiographic 

examination. The entrance skin exposure does not take into account the radio 

sensitivity of individual organs or tissues, the area of an x-ray beam, or the 

beam’s penetrating power, therefore, entrance skin exposure is poor indicator 

of the total energy imparted to the patient (Huda, 1997). 

The used of exposure for quantifying the intensity of an x-ray source has 

several technical limitation. The roentgen is defined only for photons and 

cannot be used for electrons, protons, or neutrons. In practice, exposure 

cannot be used for photons with energies in excess of about 3 MeV in 

diagnostic radiology. Exposure (roentgen) and absorbed doses (rad) are 

generally numerically similar. But using SI units, transforming exposure to 

absorbed dose involves an inconvenient conversion factor for all these 

reasons; exposure is likely to be replaced by kerma.  

2.3.3 Entrance surface air kerma (ESAK)  

The entrance surface air kerma (ESAK) is defined as the kerma in air at the 

point where the central radiation beam axis enters the hypothetical object, i.e. 

patient or phantom, in the absence of the specified object (Zoetelief et al, 

1996). 
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2.3.4  Entrance surface dose (ESD) 

The entrance surface dose, or alternatively the entrance skin dose (ESD) is 

defined as the absorbed dose to air on the x-ray beam axis at the point where 

x-ray beam enters the patient or a phantom, including the contribution of the 

backscatter (NRPB, 1992).  The ESD is to be expressed in mGy. Some 

confusion exists in the literature with regard to the definition of the ESD. That 

is, whether the definition should refer to the absorbed dose to the air as 

defined above or absorbed dose to tissue (NRPB, 1999). 

2.3.5 Dose area product (DAP) 

Dose area product (DAP) is defined as the absorbed dose to air (or the air 

kerma) averaged over the area of the x-ray beam in a plane perpendicular to 

the beam axis, multiplied by the area of the beam in the same plane. The Gy 

cm2  is the preferred unit for DAP (NRPB, 1992). The quantity is also referred 

as kerma area product.  

2.3.6 Organ dose 

For radiation protection purposes, it is useful to define a tissue or organ 

average absorbed dose,  DT  as (ICRP, 1991):  

T
T

T

D
m
ε

=     (Jkg-1)                   (2.15) 

where Tε  is the total energy imparted in a tissue or organ and  is the mass 

of that tissue or organ. ; may range from 10 g for ovaries to 70 kg for the 

whole body. 

Tm

Tm

The primary use of mean organ dose measurement is to help estimate the risk 

to a specified organ. For example, the mean thyroid dose my be used to 

estimate the risk of inducing thyroid cancer, or entrance skin dose may be 

used to estimate the probability of developing skin erythema.  
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T,R

2.3.7 Radiation weighting factor, WR 

The probability of stochastic effect is found to depend, not only on the 

absorbed dose, but also on the type and energy of the radiation causing the 

dose. This is taken into account by weighting the absorbed dose by a factor 

related the quality of the radiation (ICRP, 1991). In the past, this weighting 

factor has been applied to the absorbed dose at a point and called the quality 

factor Q. The weighted absorbed dose was also called the dose equivalent, H, 

now called equivalent dose, HT.  

2.3.8 Equivalent dose 

In radiological protection, it is the absorbed dose averaged over a tissue or 

organ (rather than at a point) and weighted for the radiation quality that is of 

interest (ICRP, 1991). The weighting factor for this purposes is called the 

radiation weighting factor, WR , and is selected for the type and energy of the 

radiation incident  on the body, emitted by the source.  The equivalent dose, 

HT in a tissue or organ, T is given by the expression (ICRP, 1991): 

T R
R

H W .D= ∑     (Jkg-1)              (2.16) 

Where  is the absorbed dose averaged over the tissue or organ T, due to 

radiation R. The unit of equivalent dose is joule per kilogram with special 

name sievert (Sv). Radiation weighting factors for different types of ionising 

radiation are shown in Table 1. 

T,RD

2.3.9 Tissue weighting factors  

The relationship between the probability of stochastic effects and the 

equivalent dose is found also to depend on the organ or tissue irradiated. It is 

therefore appropriate to define a further quantity, derived from equivalent 

dose, to indicate the combination of different doses to several different tissues 

in a way which is likely to correlate well with the total of the stochastic effects 

(ICRP, 1991).  
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Table 2.1 Radiation weighting factors (ICRP, 1991) 

Type and energy range  Radiation weighting 

factors, WR

Photons all energies  1 

Electrons and muons all energies 1 

Neutrons , energy            < 10 keV 5 

10 keV to 100 keV 10 

> 100 keV to 2 MeV 20 

2 MeV to 20 MeV 10 

> 20 MeV 5 

Protons, other than recoil protons, energy > 2 

MeV 

5 

Alpha particles, fission fragments, heavy nuclei  20 
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The factor by which the equivalent dose in tissue or organ T is weighted is 

called tissue weighting factor, WT which represent the relative contribution of 

that organ or tissue to the total detriment due to effects resulting from uniform 

irradiation of the whole body (ICRP, 1991). 

2.3.10 Effective dose 

Effective dose, E is used to assess the radiation detriment from non-

homogenous irradiations. The effective dose is defined as the sum of the 

equivalent doses in all tissues and organs of the body. It is given be the 

expression (ICRP, 1991): 

T T
T

E w .H= ∑    (Jkg-1)             (2.17) 

where  is the equivalent dose in tissue or organ T and  is the weighting 

factor for tissue T . The values of the different tissue weighting factors are 

given in table 2. The major benefit of using the effective dose is that this 

parameter accounts for the absorbed doses and relative radiosensitivities of the 

irradiated organs in the patients and, therefore, better quantifies the patient 

risk (UNCEAR 1988, ICRP 1987). However, the quantity effective dose has 

limitation that it can not be measured directly on patient or phantom, it must 

be calculated.  

TH Tw

Effective doses are generally estimated from routine dose measurements using 

conversion factors appropriate to the conditions of the exposure (UNCEAR 

2000). These coefficients may be derived experimentally on the basis of 

physical anthropomorphic phantoms or calculated using Monte Carlo 

simulations techniques with mathematical phantoms. 
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Table 2.2  Tissue weighting factors, WT

Tissue or organ Tissue weighting factor, 

WT

Gonads   0.20 

Bone marrow (red) 0.12 

colon 0.12 

Lung  0.12 

Stomach  0.12 

Bladder  0.05 

Breast  0.05 

Liver  0.05 

Oesophagus  0.05 

Thyroid  0.05 

Skin  0.01 

Bone surface 0.01 

Remainder  0.05 
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2.4 Dose measurements methodology 

2.4.1 Determination of ESD from TLD measurements 

TLD’s are considered as the gold standard for determination of the entrance 

surface dose in practice. Measurements are made with thermo-luminescent 

dosimeters, TLDs, attached to the patient or phantom at points where the x-ray 

beam enters the patient. TLDs are read in a standard manner and the value 

read is used as an estimate of the ESD received by the patient. If correctly 

calibrated to measure air kerma free in air, the TLD should give a direct 

reading of the entrance surface dose, and no correction is needed for back 

scattered radiation or distance from the tube focus. 

2.4.2 Calculation of ESD from tube output data 

ESD may be calculated in practice by means of knowledge of the tube output 

(Toivonen, 2001). The relationship between x-ray unit current time product 

(mAs) and the air kerma free in air is established at a reference point in the x-

ray field at 80 kVp tube potential. Subsequent estimates of the ESD can be 

done by recording the relevant parameters (tube potential, filtration, mAs and 

FSD) and correcting for distances and back scattered radiation according to 

the following equation (Toivonen, 2001). 
2 2kV 100ESD OP x x mAs x x BSF

80 FSD
⎛ ⎞ ⎛ ⎞=      ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

         (2.18) 

where OP is the tube output per mAs measured at a distance of 100 cm from 

the tube focus along the beam axis at 80 kVp, kV is peak tube voltage (kVp) 

recorded for any given examination (in many cases the output is measured at 

80 kVp, and therefore this appears in the equation as a quotient to convert the 

output into an estimate of that which would be expected at the operational 

kVp. The value of 80 kVp should be substituted with whatever kVp the actual 

output is recorded at in any given instance). 
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mAs is the tube current-time product which is used in any given instant. FSD 

is the focus-to-patient entrance surface distance and BSF is the backscatter 

factor.  

2.4.3 Calculation of ESAK and ESD from tube output data 

The relationship between x-ray unit current time product (mAs) and the air 

kerma free in air is established at a reference point in the x-ray field for the 

range of tube potentials encountered. Subsequent estimate of the entrance 

dose can be done by recording the relevant parameters (tube potential, 

filtration, mAs and FSD) and correcting for distances (and back scattered 

radiation in case of ESD estimation) as implied in the formula bellow 

(Saxebol and Olerud, 1996).   

 
2

airESAK K (100cm).(100 / FSD)=      (2.19) 

ESD ESAK.BSF=                              (2.20) 

2.4.4 Dose area product (DAP) measurements  

The DAP can be measured with large plane-parallel ionization chamber 

intercepting the entire x-ray beam. The response of the ionization chamber is 

approximately independent of the distance from the x-ray tube focus and the 

chamber can conveniently be mounted on the tube diaphragm housing, not 

interfering with the examination procedure or patient. 

A favourable characteristic of the kerma area product is the possibility of 

simple estimation of the energy imparted to the patient, the latter being 

connected to the mean absorbed dose and risk. By providing a single 

measurement even for complex x-ray examinations, different examination 

procedures can easily be compared with respect to dose saving techniques. 
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2.4.5 Determination of ESD from DAP measurements 

In interventional radiology, the use of DAP to estimate ESD may be desirable 

in many cases especially when the department do not have access to TLD’s, 

which are often used for this purpose.  

Entrance skin dose (ESD) can be calculated from the knowledge of DAP (Mac 

Parland, 1998).  
tissur2

en

II air

DAP FIDESD xBSFx
A II ,FID FSD

⎛ ⎞ ⎛ ⎞μ⎛ ⎞= ⎜ ⎟⎜ ⎟ ⎜ ⎟φ ρ⎝ ⎠ ⎝ ⎠⎝ ⎠
                  (2.21) 

 

where AII is the field area measured at, FID. Due to positive beam limitation, 

AII has an explicit dependence upon IIф and FID. BSF is the backscatter 

factor.  is the ratio of the mass energy conversion coefficient tissue 

to air.  For all diagnostic x-ray energies, the mass energy absorption 

coefficient ratio of tissue to air is ~1.06.  

tissur
en air( / )μ ρ

2.4.6 Determination of ESD using slow films  

Vano et al
 

have developed a method for the estimation of ESD using 

radiotherapy slow films. These films are used for the verification of patient 

doses and orientation in radiotherapy procedures (Vano et al, 1997). In IR 

procedures, the film is placed underneath the patient and exposed throughout 

the normal IR protocol. The films are calibrated by standard sensitometry, and 

read by densitometry. They have a linear range from 400mGy to 2000 mGy 

for 
60

Co energies, which makes them ideal for identifying whether 

deterministic levels for skin have been exceeded ( ICRP 2001, Vano et al 

2001). The films can be used to estimate total ESD, total DAP, or maximum 

ESD.  

2.5 Digital radiology  

Digital radiography and fluoroscopy utilized a matrix of discrete numerical 
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values to represent an image. A matrix is square or rectangular area divided 

into rows and columns. The smallest element of a matrix is called a pixel 

(from picture element). The location of a pixel in a matrix is encoded by its 

row and column number (x,y). Each pixel of a matrix is used to store binary 

number with range of 8-16 bit (binary digit). The functional value f(x,y) of a 

pixel (x,y) is called the grey level value, a non-negative integer. Eight bits 

allow the storage of integer values (grey level values) between 0 and 255; 16 

bits allow values between 0 and 65535 (ICRP, 2004).  

When it was introduced in late 1970s and early 1980s, there were two 

approaches in digital radiology: To utilize the existing equipment in the 

radiographic procedure room and change only the image receptor component 

or to redesign the conventional radiographic procedure equipment, including 

the geometry of the x-ray beams and image receptor. The first approach was 

dominated by two technologies known as imaging plates and digital 

fluorography. Where as the later approach was rather expensive and was 

applied in digital fluoroscopy systems.  

2.5.1 Imaging plate radiography  

Computed radiography or imaging plate consists of two components, photo-

stimulated phosphor plate (also known as storage phosphor) and scanning 

mechanism. The phosphors are mainly in barium fluoro-halide family, 

typically BaFBr:Eu2+. When exposed to x-rays, the storage phosphor stores 

part of absorbed x-ray energy as a latent image on the imaging plate. 

Stimulation of the plate by a laser beam leads to emission of luminescence 

radiation corresponding to the incident x-ray energy. The luminescence 

radiation stimulated by the laser scanning is collected through focusing lens 

and light guide in to photomultiplier tube, which converts it into electrical 

signal (Hung, 1987). 
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2.5.2 Digital fluorography 

In digital fluorography a digital chain is added to an existing fluorographic 

unit. Fluorography is a procedure of displaying fluoroscopic image on a video 

monitor using an image intensifier coupling with a video camera, and the 

technique is used to visualize the motion of body compartment. To redesign 

the conventional radiographic procedure equipment, including the geometry 

of the x-ray beams and image receptor.  

2.5.3 Flat panel digital radiography systems 

2.5.3.1 Indirect flat-panel digital radiography systems 

Systems using indirect conversion detectors employ a two steps process for x-

ray detection. Scintillation materials (e.g. cesium iodide) or phosphors (e.g. 

gadolinium sulfur oxide) capture x-ray energy and convert it to light for 

indirect devices. An array of thin-film diodes (TFD) converts the light energy 

to electronic signals. Ultimately, the spatial resolution of the x-ray image 

depends on the captured signal profile and pixel size. X-ray capture systems 

that use light compromise image sharpness because the light scatter blurs the 

image.  

2.5.3.2 Direct flat-panel digital radiography systems 

Direct x-ray capture systems produce a precise signal profile with no 

intermediate steps to degrade image quality.  
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In both cases direct and indirect systems, the electric charge pattern, 

temporarily stored during x-ray exposure, is sensed by an electronic readout 

mechanism, and an analog-to-digital conversion process produces the digital 

image (direct readout). The resulting digital image covers a dynamic range 

wider than necessary for most clinical examinations. Therefore while film 

systems risk under- or overexposure, fully automatic digital image processing 

eliminates the need for retakes and produces quality images for display and 

diagnosis. 

2.5.4 Amorphous selenium detectors  

This type of receptor uses a thin photoconductive layer of amorphous 

selenium as the primary detector. Absorbed X-ray photon energy is converted 

directly into electrons and holes. The number of released charge carriers is 

directly proportional to the absorbed X-ray fluence. A large electric field 

across the thin selenium layer ensures that the charge carriers are separated 

and flow directly to a surface bias electrode (electrons) or to an array of signal 

electrodes associated with charge storage capacitors and a thin-film transistor 

array (holes). This array allows the addressing of all the charge storage 

capacitors and passes the stored charge in each to charge sensitive read-out 

amplifiers and hence to external amplifiers and digitizers, prior to processing 

and image display.  

The amorphous selenium detector is again characterized by a wide dynamic 

range (linear over three decades). Its long-term efficiency is not yet 

determined. Although the primary photon detector is an element, and therefore 

not prone to chemical changes, the thin-film transistor array is thought to be 

prone to eventual radiation damage after prolonged use. Damage to this array 

would require the replacement of the whole detector at considerable expense 
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2.5.5 Direct-coupled fluorescent detectors  

This class of detector is based on large arrays of electronically addressable 

photosensitive electronic devices in contact with a phosphor screen, typically 

of cesium iodide. Real time readout is a possibility to give a function like 

fluoroscopy but with a flat panel detector. This type of design relies on the 

established performance of cesium iodide as the primary photon detector, but 

requires that the image information be transferred by secondary carriers (light 

photons) to a large-area amorphous silicon array of light sensitive electronic 

devices. Some resolution and efficiency losses would be anticipated due to the 

requirement for secondary carriers, but large-scale commercial development 

of this technology is taking place.  

The performance of this detector long-term is not yet determined, but both the 

fluorescent screen and amorphous silicon array would be susceptible to 

eventual radiation damage and quality assurance measurements capable of 

detecting slow reductions in efficiency for this type of detector would be 

advisable. 

2.5.6 Optically-coupled fluorescent detectors  

Several designs of small-field digital radiography receptor are on the market 

for mammography applications. These utilize charge-coupled device (CCD) 

light sensitive arrays of relatively small dimensions, linked via mirror/lens 

systems or tapered/parallel optical fibers to the input fluorescent screen.  

2.6 X-ray imaging concepts: image quality characteristics  

The ability to produce a visible image depends on characteristics of both the 

object and the imaging process. In general image quality must be adjusted 

with respect to the size and composition (relative density) of the objects which 

are to be visualised.  

The ability to produce a visible image of the specific object depends on the 

image quality characteristics; contrast, blurring, noise, distortion and artefacts.  
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2.6.1 Contrast  

The primary function of the imaging procedure is to convert the physical 

contrast of an object into visible image contrast. The degree to which this is 

achieved determines the contrast sensitivity or the minimum physical contrast 

which can be visualised. If an object is not different (has no contrast) with 

respect to surroundings it can not be seen.  

2.6.1.1 Object contrast  

In order to visualise an x-ray image an object must absorb either more or less 

x-radiation than an equal thickness of adjacent tissue. The amount of contrast 

produced by specific object depends on three physical characteristics. 

1. Density: density differences are significant source of contrast in x-ray 

imaging. Density is the principle source of contrast when air or gas is 

involved.  

2. Atomic number: atomic number (Z) affects contrast because of its 

effect of the rate of photoelectric interactions and absorptions. Most of the 

naturally occurring materials in the human body, with exception of calcium, 

have a very low atomic number values. The three materials which derive 

significant contrast from the atomic number characteristics are calcium, 

iodine, and barium. The contrast produced by differences in atomic number is 

affected more by the x-ray beam spectrum (kV) than is contrast produced by 

density differences.  

3. Thickness: the thickness of an object in the direction of the x-ray beam 

affects x-ray attenuation and the resulting contrast. For specific material 

(atomic number) object contrast is proportional to the product of object 

density and thickness.  

2.6.1.2 Subject contrast 

Subject contrast is a traditional term for the contrast in the invisible image 

emerging from the patient’s body.  It is generally expressed as the percent 
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difference in exposure between the object area and the background area. 

Maximum (100%) contrast is produced when there is no exposure in object 

area. This level of contrast is never achieved in clinical imaging.  

In addition to physical contrast of the object, the amount of subject contrast is 

determined by two conditions of imaging process.  

1. Object penetration (x-ray spectrum): Contrast is inversely related to 

object penetration for objects that attenuate more of the radiation than the 

surrounding tissue. For specific object the amount of penetration depends on 

the photon energy spectrum of the x-ray beam. Contrast can generally be 

increased by decreasing the photon energy. 

2. Scattered radiation: The scattered radiation produced in and emerging 

from the patient’s body reduces subject contrast. In clinical procedures as 

much as 80% of the initial contrast can be lost because of scattered radiation. 

Fortunately much of this lost contrast can be recovered by the use of grids or 

other scatter reduction techniques.  

2.6.1.3 Image contrast 

The visibility of an object is ultimately determined by the amount of contrast 

displayed in the image. Radiographic image contrast is in the form of film 

optical density differences between the object and the background areas.  

Radiographic Contrast = Density (Background) – Density (Object Area) 

The radiographic contrast of a specific object can be determined by measuring 

the appropriate density values.  

Fluoroscopic image contrast is the difference in brightness between the object 

area and the surrounding background. It is expressed as a ratio of the 

brightness values.  

2.6.2 Contrast resolution 

Contrast sensitivity is the characteristic of imaging system which determines 

the relationship between the physical object contrast and the resulting image 
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contrast.  A quantitative expression of contrast sensitivity would be the 

minimum physical contrast (mg/cm2) of specified material and object size 

which can be visualized. The contrast sensitivity of specific imaging system 

and set of imaging parameters can be evaluated by using a test object 

(phantom) which contains a series of objects with varying physical contrast. 

When contrast sensitivity is evaluated under clinical imaging conditions the 

visibility of low contrast objects will be affected by the presence of image 

noise.  

In radiographic and fluoroscopic imaging the overall contrast the overall 

contrast sensitivity is determined by three major factors: 1) the x-ray 

spectrum, 2) scattered radiation, and 3) receptor contrast characteristics.  

2.6.2.1 X-ray spectrum 

The photon energy spectrum determines the penetration through the specific 

object and resulting contrast. The x-ray spectrum is determined by the 

following factors: anode material, kVp, waveform (single-phase, three-phase, 

etc.), and filter (material and thickness).  

 Examples of three different x-ray spectra used in radiology are: 

1. Mammography: mammography is the radiographic procedure which 

requires the highest contrast sensitivity in order to visualize both the soft 

tissue lesions and small (thin) calcifications. This is achieved by using the 

characteristic radiation from a molybdenum anode in combination with a 

molybdenum filter operated in the range of 24 to 36 kVp (Sprawls, 1992). 

2. Vascular imaging: in vascular imaging one of the primary objectives is to 

maximize the contrast sensitivity to the iodine contrast media. This 

requires x-ray photon energies slightly above the k-edge energy of iodine 

at 33 keV. Conventional tungsten anode tubes and aluminium filters are 

used. The contrast sensitivity is generally maximum by using kVp values 

in the range of 65-80 kVp. 

3. chest imaging: thorax contains a wide range of tissue densities which 
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results in considerable physical contrast 

2.6.2.2 Film 

Contrast is perhaps the most significant characteristic of an image recorded on 

film. Contrast is the variation in film density (shades of gray) that actually 

forms the image. Without contrast there is no image. The amount of contrast 

in an image depends on a number of factors, including the ability of the 

particular film to record contrast. 

Film can be considered as a contrast converter. One of its functions is to 

convert differences in exposure (subject contrast) into film contrast 

(differences in density). The amount of film contrast resulting from a specific 

exposure difference can vary considerably. 

2.6.2.3 Film characteristic curve  

The relationship between film density and exposure is often presented in the 

form of a graph, as shown below. This graph shows the relationship between 

the density and relative exposure for the values shown in Figure 1.2. This type 

of graph is known as either a film characteristic curve or an H and D (Hurter 

and Driffield) curve. The precise shape of the curve depends on the 

characteristics of the emulsion and the processing conditions. The primary use 

of a characteristic curve is to describe the contrast characteristics of the film 

throughout a wide exposure range. At any exposure value, the contrast 

characteristic of the film is represented by the slope of the curve. At any 

particular point, the slope represents the density difference (contrast) produced 

by a specific exposure difference. The same interval anywhere on the relative 

exposure scale represents the same exposure ratio and amount of contrast 

delivered to the film during the exposure process. An interval along the 

density scale represents the amount of contrast that actually appears in the 

film. The slope of the characteristic curve at any point can be expressed in 

terms of the contrast factor because the contrast factor is the density difference 
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(contrast) produced by a 2:1 exposure ratio (50% exposure contrast). 

2.6.3 Blurring  

An important characteristic of any medical imaging method is its ability to 

show the anatomical detail of the human body. Detail, as used here, refers to 

the small structures, features, and objects associated with normal anatomy and 

various pathological conditions. The smallest detail that can be visualized is 

determined, to a large extent, by the amount of blur produced by the imaging 

procedure. There is some blur in all medical images. Some methods, however, 

produce images with significantly less blur than others, and the result is 

images that show much greater detail. Each imaging method also has certain 

associated factors that control the amount of blurring and the ultimate 

visibility of detail. 

In this section we consider the general characteristics of image blur and its 

relationship to other image characteristics. 

2.6.3.1 Visibility of detail 

The most significant effect of blur in a medical imaging process is that it 

reduces the visibility of details such as small objects and structures. In every 

imaging process, blur places a definite limit on the amount of detail (object 

smallness) that can be visualized. 

The direct effect of blur is to reduce the contrast of small objects and features. 

In effect, blur spreads the image of small objects into the surrounding 

background area. As the image spreads, the contrast and visibility are reduced. 

The visibility of specific objects is very dependent on the relationship between 

object size and the blur value. If the blur value is less than the dimension of an 

object, the reduced contrast will generally not affect visibility. 
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When the amount of blur approaches the dimensions of the object, the 

blurring process can significantly reduce contrast. In some situations, 

especially in which small objects already have low inherent contrasts, the blur 

can significantly affect visibility. As a general rule, the blur value can be 

considered as an approximate detail-visibility threshold. In most situations, 

body structures much smaller than the blur value will not be visible. 

2.6.3.2    Unsharpness  

An image that shows much detail and distinct boundaries is often described as 

being sharp. The presence of blur produces unsharpness. Image unsharpness, 

as the term is commonly used, and blur refer to the same general image 

characteristic. In a more exact sense, however, image unsharpness is one of 

several visual effects produced by the basic process of blurring. Unsharpness 

is especially noticeable at the boundaries and edges within an image. 

In the early days of radiography, the term penumbra was often used to 

describe the unsharpness, or blur, produced by x-ray tube focal spots. 

Penumbra is primarily an astronomical name for the unsharp shadow 

boundaries created by the moon because of its finite size. Because a number 

of different sources of blur in x-ray imaging produce the same visual effects 

and are not true penumbras, use of the term should be discouraged. 

2.6.3.3 Resolution 

Resolution describes the ability of an imaging system to distinguish or 

separate (i.e., resolve) objects that are close together. The resolving capability 

of a particular imaging process is determined by the amount of blur. When 

blur is present, the images of individual objects begin to run or blur together 

until the separate objects are no longer distinguishable. For objects to be 

resolved, their separation distance must be increased in proportion to the 

amount of blur present. 
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The resolving ability, or resolution, of an imaging system is relatively easy to 

measure and is often used to evaluate system blur. In Fig.3 is shown one type 

of test object used for this purpose; it consists of parallel lead strips separated 

by a distance equal to the width of the strips. The common practice is to 

describe the line width and separation distance in terms of line pairs (lp) per 

unit distance (millimeters or centimeters). One line pair consists of one lead 

strip and one adjacent separation space. The number of line pairs per 

millimeter is actually an expression of spatial frequency. As the lines get 

smaller and closer together, the spatial frequency (line pairs per millimeter) 

increases. A typical test pattern contains areas with different spatial 

frequencies. An imaging system is evaluated by imaging the test object and 

observing the highest spatial frequency (or minimum separation) at which the 

separation of the lines is visible. 

When no blur is present, all of the line-pair groups can be resolved. As blur is 

increased, however, resolution is decreased, and only the lines with larger 

separation distances are visible.  

2.6.3.4 Limiting resolution 

It is common practice to specify the resolution of such a system in terms of 

the spacing frequency, in line pairs per millimeter, at which the contrast falls 

to a relatively low value, typically 3%. When comparing the resolution values 

of different systems, this practice should be taken into consideration. For 

example, if a manufacturer arbitrarily uses a 3% contrast, the resolution values 

for its equipment will be higher than for equipment from a company that uses 

10%, even if the systems are identical.  

The advantage of using this method is that an imaging system or system 

component can be described by a single numerical value, the so-called 

limiting resolution. 
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2.6.4 Noise  

 It is generally desirable for image brightness (or film density) to be uniform 

except where it changes to form an image. There are factors, however, that 

tend to produce variation in the brightness of a displayed image even when no 

image detail is present. This variation is usually random and has no particular 

pattern. In many cases, it reduces image quality and is especially significant 

when the objects being imaged are small and have relatively low contrast. 

This random variation in image brightness is designated noise. 

All medical images contain some visual noise. The presence of noise gives an 

image a mottled, grainy, textured, or snowy appearance. No imaging method 

is free of noise, but noise is much more prevalent in certain types of imaging 

procedures than in others. 

2.6.4.1 Effect on visibility  

Although noise gives an image a generally undesirable appearance, the most 

significant factor is that noise can cover and reduce the visibility of certain 

features within the image. The loss of visibility is especially significant for 

low-contrast objects. The visibility threshold, especially for low-contrast 

objects, is very noise dependent. In principle, when we reduce image noise, 

the "curtain" is raised somewhat, and more of the low-contrast objects within 

the body become visible. 
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Figure 2.3 Test pattern used to measure resolution of an x-ray imaging system 

 

 

 

2.6.4.2 Quantum noise 

X-ray photons impinge on a surface, such as an image receptor, in a random 

pattern. No force can cause them to be evenly distributed over the surface. 

One area of the receptor surface might receive more photons than another 

area, even when both are exposed to the same average x-ray intensity. 

In all imaging procedures using x-ray or gamma photons, most of the image 

noise is produced by the random manner in which the photons are distributed 

within the image. This is generally designated quantum noise. Recall that each 

individual photon is a quantum (specific quantity) of energy. It is the quantum 

structure of an x-ray beam that creates quantum noise.  
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2.6.4.3 Effect of contrast on noise 

The noise in an image becomes more visible if the overall contrast transfer of 

the imaging system is increased. This must be considered when using image 

displays with adjustable contrast, such as some video monitors used in 

fluoroscopy, and the viewing window in CT, MRI, and other forms of digital 

images. High contrast film increases the visibility of noise. 

2.6.4.4 Effect of blur on noise  

The visibility of image noise can often be reduced by blurring because noise 

has a rather finely detailed structure. The blurring of an image tends to blend 

each image point with its surrounding area; the effect is to smooth out the 

random structure of the noise and make it less visible. 

The use of image blurring to reduce the visibility of noise often involves a 

compromise because the blurring can reduce the visibility of useful image 

detail. The problem is that no screen gives both maximum noise suppression 

and visibility of detail. 

 

2.7 Factors affecting patient dose in diagnostic radiology 

Factors affecting patient doses in all x-ray modalities include beam energy, 

filtration, collimation, patient size, and image processing (Parry et al, 1999).  

2.7.1 Beam energy and filtration 

Beam energy primary depends on peak kilo-voltage (kVp) selected and the 

amount of filtration in the beam. If all other variables held constant, ESD will 

change as the square of the change in peak kilo-voltage. The selection of 

higher kilo-voltages increases the averages energy of the x-ray and there for 

the beam penetrability. As the beam comes more penetrating, more x-ray will 

reach the image receptor during the same period time. In practice, this may 
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allow the uses of lower tube current or shorter exposure, thus reducing the 

dose to the patient.  

In developed countries, diagnostic radiography units are required by 

regulations to contain a total filtration of at least 2.5 mm aluminium 

equivalent if they are operated at tube potentials above 70 kVp (NCRP, 1989, 

Parry 1999). This filtration preferentially absorbs the low energy x-ray in the 

beam. Absorption primarily takes place with x-ray of less than 40 keV of 

energy, and virtually all x-rays below 10 keV are absorbed (Sprawls, 1993). 

Without filtration, this low energy radiation would most likely to be 

completely absorbed in the patient.  Because image formation requires 

transmission of x-ray through the patient to expose the image receptor, low 

energy x-ray contributes to the patient dose without contributing to the image 

formation.  

In effect, the added filtration serves to further increase the average energy of 

the beam. In the range of energies of x-rays used in diagnostic radiology, 

however, increasing the average energy of the x-ray beam will decrease the 

contrast of the resulting image. Therefore, to reduce patient dose, the goal 

should be to use the highest peak kilo-voltage possible that results in 

acceptable image contrast.  

2.7.2 Collimation  

During any radiographic procedures, the area of the patient exposed to the x-

ray beam should be limited to the area of clinical interest. Tissues inside the 

primary beam receive doses that are orders of magnitude higher than doses 

received by tissues outside the primary beam. By using collimation to expose 

only the areas of clinical interest, one can substantially reduce unnecessary 

patient exposure. 
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The use of collimation has another important effect: By reducing the area of 

the x-ray beam, the amount of scattered radiation that reaches the image 

receptor is also decreased. The resulting images have better contrast.  

2.7.3 Digital radiographic receptors 

One of the special characteristics of digital radiographic receptors is that they, 

unlike film/screen receptors, can produce images with good contrast over a 

wide range of receptor exposure.  They do not have a "fixed" speed or 

receptor sensitivity value like film receptors. The significance of this is that 

exposure used in digital radiography should be monitored and adjusted by the 

operator, or the correctly calibrated and set automatic exposure control, to 

produce the necessary image quality with the lowest possible exposure 

(Sprawls  1993). 

2.7.4 Grids 

Grids were introduced into radiography to reduce the amount of scattered 

radiation that reaches the images receptor. Modern grids do an exceptional 

job, resulting in an image with much more improved contrast. Unfortunately, 

this improved contrast comes at the cost of increased patient dose. A grid also 

absorbs a portion of the primary – that is, those that would have contributed to 

exposing the image receptor – and the only way to achieve the degree of the 

exposure required to produce the image is to increase the amount of radiation 

incident on the grid and therefore the patient. A grid removes a much larger 

fraction of scattered x-rays than unscattered, or primary, x-rays, and the doses 

are typically increased from two to fives times those encountered without the 

use of a grid. This proportion is commonly referred as the Bucky factor and 

represents the ratio of the dose with a grid to the dose without grid (Bushburg 

et al, 1994). The higher quality images with a grid, however, may result in 

fewer retakes and accurate diagnoses.  
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2.7.5 Patient size 

As the thickness of the area being imaged increases, the amount of the 

radiation incident on the patient increases because adequate x-ray penetration 

is needed to create an acceptable images.  Although the examiner has little or 

no control over patient size, it is beneficial to know the type of exposure 

expected for examinations of different anatomical areas of patients of different 

sizes. Technique charts that display suggested radiographic technique factors 

for various examinations and patient thicknesses placed near the operator’s 

console maybe helpful. 

2.7.6 Screen-film combinations and film processing conditions 

In conventional radiography, most current radiographic intensifying screens 

are composed of rare earth elements. Previously calcium tungstate was the 

most common used material.  The speed, or the overall efficiency, of calcium 

tungstate screens is often referred as to as par speed and is assigned an 

arbitrary speed of 100.  The speed numbers are relative; that is, 400-speed 

requires only half the dose used with 200-speed system (Parry et al, 1999). 

Use of faster screen-film combination can substantially reduce dose, and 

modern rare earth screens up to 600 speed may typically be used (Bushong, 

1997).  Faster systems result in some loss of detail, but if the examination in 

question permits less detail, the faster system should be used. 

The film processor should be functioning according to film manufactures’ 

recommendations. If temperature, transport rate, or replenishment rates differ 

substantially from recommended values, the effect on image quality can be 

significant. Poor image quality can lead to modification of radiographic 

techniques, which in turn directly affect patient dose.  
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CHAPTER THREE  

MATERIALS AND METHODS 

3.1 Entrance surface doses to patients from diagnostic x-ray examinations 

in Khartoum area 

This part of the work was carried out in four major hospitals in the Sudanese 

capital Khartoum. Eight x-ray units were included in the study. The hospitals 

that participated in the study were: Ribat University Hospital (RUH), 

Khartoum Teaching Hospital (KTH), Omdurman Teaching Hospital (OTH) 

and Khartoum North Teaching Hospital (KNTH). These hospitals were 

chosen for the study because they are the largest hospitals in the country in 

terms of workload. As an example one of them has a room with an average 

workload of 120 patients / day. Initially, questionnaires were distributed to 

radiographers in charge of the diagnostic facilities. Each radiographer was 

asked to provide information with regard to his x-ray radiography unit, 

including: manufacturer, model, year of installation, film type, screen type and 

film speed.  

To calculate the ESD the following x-ray tube exposure parameters were 

recorded for each patient undergoing the specified diagnostic procedure: peak 

tube voltage (kVp), exposure current-time product (mAs), and focus-to-film 

distance (FFD). 

The ESD is defined as the absorbed dose to air on the x-ray beam axis at the 

point where the x-ray beam enters the patient or a phantom, including the 

contribution of the backscatter (NRPB 1992). The ESD was calculated in the 

present work using the following (relation) (Toivonen, 2001): 
2 2kV 100ESD OP x x mAs x x BSF

80 FSD
⎛ ⎞ ⎛ ⎞=      ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

            (3.1) 
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where: OP is the tube output per mAs measured at a distance of 100 cm from 

the tube focus along the beam axis at 80 kVp, kV is peak tube voltage 

recorded for any given examination, mAs is the tube current-time product, 

FSD is the focus-to-patient entrance surface distance and BSF is the 

backscatter factor.  

The tube output in mR/mAs was measured at a distance of 100 cm from the x-

ray tube focus using RAD-CHECKTM PLUS model 06-526 x-ray exposure 

meter (Nuclear Associates, Victoreen Division, NY, USA). The factor 

0.00877 was applied to convert the tube output from mR/mAs to output in 

mGy/mAs (Chuan et al, 1999). BSF for radiation qualities typically used in 

diagnostic radiology has a value that range from 1.2 to 1.4. CEC recommend 

the use of an average value of 1.35 for the BSF which was used in this study 

(CEC, 1996).  

The radiation measuring device RAD-CHECK PLUS model 06-526 x-ray 

exposure meter was calibrated at SAEC Secondary Standard Dosimetry 

Laboratory, using a secondary standard ionization chamber LS-01 connected 

to UNIDOS electrometer (PTW Co., Freiburg, Germany). The secondary 

standard ionization chamber-electrometer combination has a calibration 

traceable to the German National Calibration Laboratory (PTB). 

Table 3.1 summarizes the radiographic technical data collected for the eight x-

ray units, as well as the measured tube output.  

The tube output was measured in a scatter free geometry, for a peak tube 

voltage of 80 kVp, exposure current-time product of 20 mAs and a focus-to-

detector distance of 100 cm. The film type and speed used in all hospitals was 

Kodak/400.  

To calculate the FSD from the FFD for AP/PA projections a standard patient 

thickness of 20 cm was used (CEC, 1996). For Skull LAT projection 15 cm 

thickness was used, for all other LAT projections standard patient thickness of 

30 cm was used (Parry et al, 1999). 
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Table 3.1 Radiographic technical data and output values for the eight x-ray 

units 

Hospital 

(Room) 

Radiographic unit/ 

model 

Year of 

Installation 

Total 

filtration 

mm Al eq. 

Output 

μ Gy/ 

mAs 

RUH Siemens/Mutix Compact 

K 

2005 5.0 36.8 

KTH(1) Shimadzu/ Radiotex 2004 2.5 66.1 

KTH(2) Toshiba/ KXO-32R 2005 3.5 45.6 

KNTH(1) Toshiba/ KXO-32R 2004 3.5 43.4 

KNTH(2) Toshiba/ KXO-32R 2004 3.3 47.3 

OTH(1) Toshiba/DRX-3724HD 2003 3.3 44.7 

OTH(2) Toshiba/DRX-3724HD 2003 2.5 55.6 

OTH(3) Shimadzu/Radiotex 2004 3.3 48.2 
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 The estimation of FSD from FFD using standard patient size described above 

is more preferred than measuring the FSD directly for reasons related to 

patient collaboration and convenience. Another reason is that 

recommendations for good radiographic techniques such as CEC guidelines 

are generally expressed in terms of FFD. 

Exposure parameters were registered and dose calculations were performed on 

a sample of 346 radiographs. All adult patients with age  16 years were 

included in this study.  

≥

Quality assurance (QA) tests were performed in all departments participating 

in this study. The tests included kVp accuracy and reproducibility, half value 

layer (HVL) and exposure current-time product (mAs) linearity and x-ray tube 

wave-form. For each x-ray tube, total filtration was estimated based on the 

measured HVL and the tube wave-form. The HVL to total filtration 

conversion was performed using published data (Sturesson, 1999).  

The ESD was used to assess radiation dose to the patient for the following 

selected examinations: Chest PA, Lumbar Spine AP, Lumbar Spine LAT, 

Pelvis AP, Skull AP/PA and Skull LAT. Only films that were considered 

diagnostic by the radiographer were accepted in this study. This ensured that 

all dose levels used were representative of the diagnostic image. Microsoft 

excel was used for data manipulation and ESD calculations. Data analysis was 

performed using the SPSS version 12 software (SPSS Inc. Chicago, IL). 

 

3.2 Effective dose calculations in conventional x-ray diagnostic radiology 

in Khartoum area 

This part of the work was carried out in four major hospitals in the Sudanese 

capital Khartoum. Eight x-ray units were included in the study. Two methods 

were used to calculate the effective doses for patients in selected 

examinations: Chest PA, Lumbar Spine AP, Lumbar Spine LAT, Pelvis AP, 
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Skull AP/PA and Skull LAT. Initially effective doses were calculated from 

previously estimated ESD values using NRPB-SR262 and Xdose software. 

ESD values and other parameters used for the effective dose calculation were 

collected during a dose survey performed in Khartoum during September-

October 2005. For ESD estimations, only films that were considered 

diagnostic by the radiographer were accepted in this study. This ensured that 

all dose levels used were representative of the diagnostic image. Exposure 

parameters were registered and dose calculations were performed on a sample 

of 325 patients. Adult patients with age ≥  16 years were included in the study. 

At least 10 patients / room were studied, which represented a typical clinical 

practice within a hospital (NRPB, 1992). 

3.2.1 Effective dose from NRPB-SR262 and Xdose software 

Initially, ESD dose was calculated from x-ray tube output parameters. To 

calculate the ESD the following x-ray tube exposure parameters were 

recorded for each patient who underwent the specified diagnostic procedure: 

peak tube voltage (kVp), exposure current-time product (mAs), the focus-to-

film distance (FFD), patient sex and patient gender. The ESD was estimated 

from the x-ray tube parameters using equation 3.1.    

The quantity effective dose has been defined by the ICRP as the sum of the 

weighted equivalent doses to specified organs, and provides a useful measure 

of radiation risk (ICRP, 1991). Effective doses from ESD in the present study 

have been calculated using NRPB-SR262 Monte Carlo computer data, and 

Xdose software (Hart et al 1994, Le Heron 1994). 

For the purposes of calculations, the software requires the ESD, total x-ray 

tube filtration, average tube voltage, and specification of the anatomy region 

imaged. The software then utilizes the NRPB computer data package to 

determine the individual organ doses, from which equivalents doses to the 

organs and hence the effective doses are calculated. 
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3.2.2 Effective dose from energy imparted 

Effective dose was calculated from the total energy imparted to patients 

undergoing selected diagnostic x-ray examinations according to the method 

described by Huda and Gkanatsios, 1997. Initially, entrance skin exposure 

(ESE) was estimated according to equation 1, but without the BSF. Exposure 

area product (EAP) was calculated by multiplying the nominal anatomy area 

under examination with the ESE. For this purpose the following areas of the 

anatomy examined were used: chest PA 1200 cm2; Skull AP/PA 270 cm2; 

Pelvis AP 840 cm2; Lumbar Spine AP 700 cm2; Lumbar Spine LAT 240 cm2 

(Gkanatsios  and Huda, 1997). 

The energy imparted, ε in Joule, to a patient undergoing x-ray examination 

can then be estimated using the expression: 

(z)xESExAε = ω                  (3.2) 

where ω(z) is the energy imparted per entrance exposure- area product, ESE is 

the entrance skin exposure free-in-air at the beam entrance plane of the patient 

and A is the area of exposure also estimated at the entrance plane (Gkanatsios 

1995,  Gkanatsios  and Huda 1997).  

The parameter ω(z) expressed in JR-1cm-2, is computed from (Gkanatsios  and 

Huda, 1997): 

xHVLω α β=                     (3.3) 

where α and β are coefficients that depend on the tube voltage and patient 

thickness, HVL is the half-value layer of the x-ray beam at a given tube 

voltage in mm of Al. 
Effective doses for patients were then estimated using ED/ε conversion factors for 

standard sized patients (Huda and Gkanatsios, 1997). 
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3.3 Equipment requirements and specifications for digital and 

interventional radiology: Radiation protection aspects  

3.3.1 Introduction 

Equipment requirements and specifications for digital and interventional 

radiology are necessary to facilitate the purchase of appropriate installations 

for specific purposes. Inappropriate equipment might lead to increased dose to 

patients and staff, insufficient image quality and, for interventional radiology, 

to inefficacious procedures with the potential for the occurrence of 

deterministic effects. 

Equipment requirements and specification for digital (interventional) 

radiology are proposed in this study to facilitate the purchase of proper 

installations for specific diagnostic and therapeutic interventional procedures. 

The first part of the study was performed in the framework of the European 

project DIMOND III, which was motivated by the fact that inappropriate 

equipment might lead to increased dose to patients and staff, insufficient 

image quality and, for interventional radiology, to inefficacious procedures 

and the potential for deterministic effects to occur. 

The equipment requirements and specifications considered in this study are of 

dosimetric aspects. The study includes literature review of national and 

international documents as well as scientific publications in areas relevant to 

equipment requirements and performance specifications for digital and/or 

interventional radiology. The results are a series of equipment requirements 

and performance specifications for digital and interventional radiology. It is 

advised that the requirements be regarded as minimum and should not 

preclude the purchase of higher performance equipment.  

In the next paragraphs, the results of the study are presented. Detailed 

discussion is presented on various equipment requirements and performance 
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specifications for equipment systems utilized in digital (interventional) 

radiology. 

3.3.2 Radiation quality, added Cu filters and HVL 

Radiation quality in diagnostic and interventional radiology is closely related 

to the penetrating characteristics of the ionizing radiation. Radiation quality, 

e.g. characterized by the x-ray spectrum, can be specified in terms of half-

value layer of incident radiation, the tube voltage of the x-ray unit and the 

filtration applied. 

For optimization of patient dose and image quality in radiology there is a need 

to match the x-ray spectrum transmitted through the patient to the energy 

response of the detector. Selection of an appropriate tube voltage as well as 

the application of adequate (additional) filtration can achieve this. Additional 

filtration can be used to selectively remove low energy photons which would 

contribute to the patient dose but do not reach the image receptor. There is 

some evidence that increasing the filtration will reduce the dose due to 

radiology (Gagne et al, 1994). Copper is a good filter material for additional 

filtration. When considering the use of additional filtration, the energy 

imparted at the energy receptor should remain constant to maintain similar 

image quality. The use of 0.1 mm copper plus 1 mm aluminum added 

filtration (instead of 2.5 mm aluminum filtration) could alter contrast and 

entrance surface dose e.g. a 10 per cent decrease in contrast could result in a 

50 per cent saving in entrance surface dose, dependent on tube voltage, patient 

thickness, etc. (Nagel, 1995). A combination of 2.5 mm aluminum and 0.5 

mm copper instead of only 2.5 mm Al with the same mean x-ray spectrum 

energy, achieved by using a lower tube potential, may also be used. This 

combination can result in a 50 per cent lower entrance surface dose with no 

loss of contrast, but at the expense of a two to five times increase in power 

requirement for the x-ray tube (Nagel, 1995). The use of additional filtration 



 

 91

of ≥ 0.1 mm Cu without reduction of the diagnostic image quality has been 

recommended (GRPC, 1997). 

Thus changing the spectrum requires a compromise in terms of the balance 

between dose reduction and loss of contrast or alternatively-dose reduction 

and increase in tube loading/power requirements. It is clear that it is possible 

to achieve a dose reduction without requiring a large compromise in terms of 

image quality or tube loading.  

It should be ensured within acceptable limits that x-ray machines used for 

fluoroscopically guided interventional procedure have sufficient filtration to 

produce a half-value layer (HVL) appropriate for the designated operating 

potential (kV). It has been recommended that HVL of the useful beam for a 

given x-ray machine used for fluoroscopically guided interventional 

procedures shall not be less than the appropriate values shown in Table 3.2 

(IEC, 2000). 

The recommendations will increase the minimum HVL for fluoroscopy x-ray 

systems to recognize changes in x-ray tube and x-ray generator technology. 

There is also a requirement for fluoroscopy x-ray systems incorporating x-ray 

tubes of high heat-load capacity. The manufacturers of these systems will 

have to provide means, to be used at the user’s option, of adding x-ray 

filtration over and above the values given in Table 3.1 This additional 

requirement is proposed on the assumption that x-ray tubes of high heat- and 

load capacity are associated with interventional procedures where it is 

important to take measures to spare the skin of patient from high dose levels 

(FDA, 2000). This addition of either beam hardening or K-edge x-ray filters 

can provide a significant reduction in patient dose, particularly to the skin 

(FDA, 2000). Previously, manual selection of tube filtration led occasionally 

to the inappropriate selection of filtration material. Present equipment designs 

enable the automatic selection of filter combinations.  
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3.3.3 Under-couch x-ray tube / over-couch image intensifier 

Equipment with an under-couch x-ray tube and an over-couch image 

intensifier is recommended for (interventional) radiology in view of patient 

dose, because the attenuation in the couch occurs before the radiation reaches 

the patient. In addition, due to a consideration of the scattered dose levels at 

the couch, staff doses are lower. It is recognized that over-couch x-ray tube / 

under-couch image intensifier equipment is designed to be used remotely. In 

this intended mode of operation the operator’s exposure to radiation is low. 

This type of equipment is primarily designed for uses other than in 

interventional radiology. However, if the equipment operator stands by the 

couch during interventional radiology, then the radiation exposure is 

unacceptably high unless protective shielding is always used. The latter may 

of course interfere with the clinical objectives of the procedure. 

From dosimetric studies in vascular radiology, Kicken  concluded that the 

replacement of over-couch x-ray tube by under-couch x-ray tube results in a 

reduction of effective doses to staff by a factor of 5 to 10 and to patients by a 

factor of 2 (Kicken, 1996). 
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Table 3.2 Half-value layers in x-ray interventional x-ray equipment (IEC, 

2000). 

X-ray tube voltage (kV) Minimum permissible half-value 

layer mm Al (see note 3) 

<50 

50 

60 

70 

80 

90 

100 

110 

120 

>120 

See note 2 

1.8 

2.2 

2.5 

2.9 

3.2 

3.6 

3.9 

4.3 

see note 2 

 

Note 1:Half-value layers for intermediate selected voltages are to be obtained 

by linear interpolation  

Note 2: Linear extrapolation is to be used here. 

Note 3: These half-value layer values correspond to a total filtration of 2.5 

mm Al for equipment operating at constant potential. 
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3.3.4 X-ray field limitation and alignment 

Proper collimation will minimize off-focus radiation and reduce scatter, which 

improves image quality and reduces radiation levels to patient and operator. In 

addition, a lead diaphragm should restrict the tube port opening to the 

maximum field size that will be used. Collimation is more convenient when 

circular collimators are used, but if rectangular are used, their edges should be 

visible in the fluoroscopic field. Dual shape collimators incorporating both 

circular and elliptical shutters may be used to modify the field for cardiac 

contour collimation. Partially absorbing contoured filters are also available to 

control the bright spots produced by the lung tissue bordering the heart 

(ACC/AHA, 1991). The x-ray unit should provide automatic collimation to 

the size of image intensifier input surface (WHO, 2000). Improved x-ray field 

limitation for fluoroscopic x-ray systems will result in a decreased patient 

dose. It is proposed that the geometrical efficiency – which is defined as the 

ratio of the visible area of the image receptor divided by the area of the x-ray 

field – will be 80 % or more (FDA, 2000). The principle of radiation safety in 

x-ray system design is to limit the area of the x-ray field (the cross-sectional 

area of the x-ray beam) to be not larger than necessary to adequately cover 

and expose the image receptor active area. This limits the amount of radiation 

that impinges on the patient but is not used to form the image and, therefore, 

represents unnecessary patient exposure. A reduction in unnecessary patient 

exposure is the basis for all x-ray field limitation and alignment requirements. 

More stringent requirements have been formulated for conventional radiology 

i.e. the x-ray field should be smaller that the image receptor. This has as 

advantages that the size of the x-ray field is always visible on the image and 

that no radiation is wasted (not contributing to the image but only to the 

patient dose).  
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3.3.5 Anti-scatter grids 

The purpose of the use of an anti-scatter grid is to improve the image quality 

by removing scattered radiation otherwise reaching the image receptor. This 

improvement is achieved at the expense of an increased patient dose by a 

factor of 2 to 4 (AAPM, 2001). Scattered radiation tends to reduce the contrast 

of the images and obscures the visualization of small arterial vessels and 

branches. Hence, the use of appropriate grids to remove much of the scattered 

radiation results in contrast improvement and the ability to visualize smaller 

vessel sizes (AAPM, 2001). When the dose to the image receptor is kept 

constant, it is obvious that removing the anti-scatter grid will reduce patient 

dose as the grid also removes primary radiation otherwise reaching the image 

receptor. It is, however, not always appropriate to remove the grid. In 

addition, there are practical limitations on removing and replacing the grid 

several times a day. It is recommended that manufacturers design radiological 

equipment on which it is easier to remove the grid. Often contrast 

improvement due to the use of a grid is so large that the same image quality is 

reached at a lower dose than that without grid. In practice, removal of the grid 

should only be considered for small patients and small field sizes. A grid with 

high radiation permeability, removable in pediatric interventions is desirable. 

On these systems there should be a reminder to the operator to remove the 

grid whenever possible, possibly by the display of a prompt when entering 

patient information.  

Examples of procedures that do not require the use of grid are: pediatric 

cardiology, most interventional neuro-radiology with the exception of adult 

spinal angiography and pediatric general vascular studies (WHO, 2000). 

It is also of importance to use grids of optimal design dependent on the type of 

examination (Sandborg et al, 1994). Inappropriate grids e.g. wide strips at 

large strip densities, can result in mean absorbed doses compared to those 
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with optimal grids increased by up to 60 per cent and 30 per cent for 

examinations of pediatric and adult patients, respectively (Sandborg et al, 

1994). The ideal grid should provide a high percentage of primary radiation 

transmission and high percentage of scatter radiation attenuation. A grid 

should be circular in shape to properly fit the image intensifier to ensure the 

alignment to the centre of the x-ray beam necessary to prevent grid cut-off of 

primary photons (AAPM, 2001). It is important to have the grid lines mounted 

perpendicular to the television raster lines to avoid interference patterns. 

3.3.6 Source intensifier distance tracking and patient entrance surface 

dose rate  

Source intensifier distance (SID) tracking refers to a feedback mechanism in 

the generator control circuitry, which limits the maximum dose-rate at the 

patient's entrance surface. This feedback mechanism ensures that the 

equipment does not automatically adjust the tube current to a level at which 

the maximum dose-rate at the image intensifier entrance surface 

recommended by the regulatory authorities is exceeded. Minimum 

requirements for the patient and image intensifier entrance surface dose rates 

are presented elsewhere (EC, 1997). In view of patient dose reduction (inverse 

square law attenuation) a minimum focus-to-skin distance of 30 cm is 

recommended. 

Also with the aim of limiting patient skin doses, a requirement for minimum 

source-to-skin distance is proposed for small “C-arm” fluoroscopy systems 

(IEC, 2000). This proposed requirement classifies C-arm fluoroscopy systems 

with systems with source-image distance (SID) of less than 45 cm as a special 

type of system designed only for extremity use. The requirement for these 

systems is that the minimum source-to-skin distance (MSSD) be at least one 

half of that required for larger format C-arm systems. The requirement will 

address C-arm systems with SID less than 45 cm. The purpose of having a 
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MSSD equipment performance requirement is to protect the patient and 

provide for skin dose sparing; that is, to limit the dose that may be delivered to 

the skin as a result of the patient’s being too near the x-ray source (FDA, 

2000). There should be automatic limitation of the entrance dose rate in the 

high level mode independent from focus image intensifier distance (GRPC, 

1997). 

Various international organizations have proposed the equivalent of reference 

levels for fluoroscopy. These have usually been expressed in terms of patient 

entrance surface dose rates during fluoroscopy and are shown in Table 3.3 

(AAPM, 2001). 

As an alternative to specifying entrance surface dose rate to the patient, air 

kerma rate at a fixed distance from the image intensifier entrance plane can be 

used. In Germany the following recommendations exist. Fluoroscopic systems 

should be capable of operation at different modes. For normal mode (NM) the 

maximum dose rate should not exceed 0.1 Gy min-1 at a distance of 30 cm 

from the image intensifier, whereas fluoroscopic equipment should provide a 

facility to automatically change the high level mode (HLM) to normal mode 

(NM) at the latest 3 minutes  after switching off the fluoroscopy (GRPC, 

1997). 
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Table 3.3 International recommendations on maximum patient entrance 

surface dose rate during fluoroscopy (Faulkner, 2001a). 

Organization Fluoroscopy Dose rate (mGy min-1) 

IAEA Normal 25 

IAEA High level 100 

UK Any 100* 

FDA USA Normal 50 

AAPM Normal 65 

 

*Should not exceed 50 mGy min-1 
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3.3.7 Automatic dose and dose rate control 

In automatic dose rate control (ADRC), the incident dose rate is adjusted in 

accordance to the x-ray attenuation of the patient. The radiation transmitted 

through the patient and incident on image intensifier is measured and kept 

constant by using feedback to the generator. The ADRC attempts to maintain 

a constant fluence rate at the input of the image intensifier by adjusting the x-

ray tube factors (tube voltage and/or tube current) in response to changes in 

attenuation due to patient thickness variation (AAPM, 1994).  

All equipment used for interventional radiology should have both automatic 

dose controls (ADC) and automatic dose rate control (ADRC). However, 

optimisation studies are necessary to assess the various set-up characteristics 

of the ADC/ADRC systems. Image quality weighted systems increase tube 

current preferentially as the attenuation in the beam increases. Dose weighted 

systems characteristically operate by increasing tube potential first as 

attenuation increases. There are a large number of potential solutions lying in 

between those two approaches. The optimum approach for a given imaging 

task is not clear and optimization studies are required. In addition, the physical 

characteristics of the examined part of the patient and, where applicable, the 

contrast medium used is of importance. Various technical solutions to the 

general problem of automatic exposure control are presented elsewhere 

(Malone et al, 1995).  

All ADRC systems have a common objective, i.e. to produce an acceptable, 

attractive image, with little or no effort from the system operator. The design 

criteria for such device must embody optimization in the sense applied by 

ALARA principle [Cooney et al, 1995]. The AEC system should also operate 

at optimum level so that they are noise limited and ideally they should control 

quantum noise level in the image (Cooney et al, 1995). 
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3.3.8  Pulsed fluoroscopy 

Pulsed fluoroscopy should reduce patient dose as for some of the time during 

examination the x-rays are absent. The dose saving is related to the proportion 

of the time of presence of x-rays compared with the fluoroscopy time, 

provided the technique factors remain constant. 

The effect of changing frame rate is complicated and dependent on the 

temporal behaviour of the eye. There are two domains, one in which the frame 

rate is faster than the eye integration time. In this domain, only small dose 

savings are possible by changing frame rates if the noise is maintained 

constant. If the viewer is willing to compromise image quality (either in terms 

of increased image noise or loss of resolution) then dose may be reduced. At 

low frame rates, gap-filling techniques can be applied. The dose per frame 

must typically be increased to maintain the visibility of low contrast objects. 

However, low frame rates lead to a loss of temporal resolution, but may 

improve the sharpness of moving objects. 

Opportunities for dose reduction exist in the formation of this image from a 

suitable combination of previous images.  Therefore the use of pulsed 

fluoroscopy with variable pulse frequency is desirable although, an alternative 

technique leading to similar dose reduction can be employed. For pulsed 

fluoroscopy, pulse frequency should be ≤ 12.5 s-1 (GRPC, 1997). Temporal 

averaging (or recursive filtering) in fluoroscopy may be achieved by camera 

persistence or computer techniques. It is known as recursive or temporal 

filtering. This averages frames and thereby reduces patient dose by noise 

averaging. Signal to noise ratio is improved in these cases. Recursive filtering 

using a mixing factor of 3 i.e. 1/3 of the displayed image is new, 2/3 is 

originating from previously acquired frames, can lead to appreciable 

improvements in signal-to-noise ratio. This may in turn be used to improve 

image quality or to reduce dose whilst maintaining the same signal-to-noise 

ratio. Formerly, Plumbicon TV cameras were used in cardiology, which had a 
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small degree of persistence, and Vidicon cameras in other areas where 

temporal resolution is not as critical. Users of equipment should be aware of 

the consequences of temporal averaging or temporal filtering. For example, 

the problem with excessive temporal filtering is that the contrast of a moving 

catheter tip is reduced. It is critical that the image quality is not degraded to 

compromise the clinical objectives of the procedure.  

3.3.9 Low dose rate fluoroscopy 

A low dose rate fluoroscopy technique, known alternatively as region of 

interest fluoroscopy, has been proposed in which low-noise image in the 

centre of the monitor is presented to the radiologist. Surrounding the low-

noise image there is a low dose image. Fluoroscopy is performed using a 

semitransparent, adjustable circular diaphragm (WHO, 2000). Various 

methods of automatic dose-rate control are employed, and computer 

processing is used to display the two parts of the image at the same brightness 

level. The correction algorithm for the fluoroscopy images requires 

knowledge of the tube potential and the position of the filter. Significant 

reduction in dose to both staff and patients are thus possible, although the dose 

to patient in the centre of the field is not reduced. Real-time display of the 

region of interest fluoroscopy images is achieved (WHO, 2000). 

 

3.3.10  Last image hold 

A well-known method for dose reduction is to hold the last digitized 

fluoroscopic image. It is proposed that all fluoroscopic x-ray systems be 

provided with means to temporarily display the image acquired at the end of 

each fluoroscopic exposure sequence. Using the last image hold mode, the 

examiner has time to analyze the image without radiation and he can store this 

image for documentation.  Digital systems should be equipped with a last 

image hold facility, which is easy to operate. The primary benefit of this 
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capability is a reduction of total x-ray exposure to a patient (and scatter to the 

user) during an examination or procedure that uses fluoroscopy (FDA, 2000). 

Experience with fluoroscopic systems indicates that often the user needs to 

examine a static image for a period of time to study what is being presented 

and /or to decide what should be next step in the on going procedure. Without 

last hold, the patient must be irradiated for the entire time these analyses are 

being performed. With last image hold, no radiation is being delivered to the 

patient during these periods of review and analysis, and the analysis can be 

performed more thoroughly without fear of overexposure. Minor benefits are 

less wear of the x-ray tube and less power consumption (FDA, 2000). 

3.3.11   Dose displays and record keeping 

Interventional radiology is different from virtually all other aspects of 

diagnostic radiology in that deterministic effects as well as stochastic effects 

may occur in the patient. It is, therefore, important to consider means of 

minimizing the occurrence of both types of effect. It is clearly important to 

provide equipment with a means (preferable a display) of a dosimetric 

quantity indicative of the probability of stochastic effects. This suggests the 

use of dose-area product, which is a quantity that correlates with a stochastic 

risk. On the other hand, maximum skin entrance-dose is a good indicator of 

the potential onset of area of deterministic injuries. This may be deduced 

using and area sensing ionization chamber. This enables the interventionalist 

to be aware of additional potential consequences of the procedure and hence a 

change in the justifications consideration (Faulkner, 2001). 

It is also of importance to have a means for assessment of effective dose, e.g. 

integrated dose area product. Display of fluoroscopy time and number of 

images may also be useful. Table 3.4 shows the suggested dose display for 

interventional radiology.  
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Table 3.4 Suggested dose display for interventional radiology (Faulkner,2 

001). 

Quantity status 

Fluoroscopy time required 

Number of exposures required 

Estimated maximum entrance skin dose required 

Total dose- area product required 

Fluoroscopy dose-area product recommended 

Radiographic dose area product recommended 
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3.4  DIMOND III quality control protocol 

3.4.1 X-ray tube output  

This part of the work was carried out in the Netherlands. Measurements of the 

tube output is the single most important parameter that can be used to assess 

the performance of an x-ray tube and generator. The x-ray tube and generator 

output can be best measured in terms of air kerma rate and the way it varies 

with tube and generator factors e.g. tube voltage, current and exposure time 

(HPA, 1980). Initially, mean baseline measurements are established of x-ray 

output for all selected exposure factor settings. A range of ± 10 % (of the 

baseline average reading) is desirable. Variation exceeding ± 20 % is 

considered unacceptable (Moores, 1987). 

3.4.2 X-ray tube peak potential (kVp) 

X-ray tube peak potential (kVp) is another important parameter. It affects the 

quality of the x-ray beam, exposure of the patient, and contrast of the image 

(NCRP 1988). Therefore, it is considered very important to measure the peak 

tube voltage accuracy. The peak tube potential measured is considered 

acceptable if it falls in the range  ± 5 % for the set tube voltage kVp (Moores, 

1987).  

3.4.3 Beam quality in the form of HVL 

The accuracy of the peak tube voltage (kVp) is important, since the tube 

voltage determines the maximum photon energy in the generated x-ray 

spectrum. Together with the shape of the tube voltage (dependent on the 

generator type), anode material, anode angle and total filtration (materials and 

thickness) it determines the radiation quality. The radiation quality e.g. 

specified by a combination of peak tube voltage, first half value layer HVL 
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and second HVL, determines the attenuation and scatter characteristics of the 

x-ray beam used. Both the tube voltage and the HVL were measured using the 

PMX III unit. 

The HVL is measured according to the procedure described in the protocol. 

Tolerance level for HVL has been adopted from the International Electro-

technical Commission, with the minimum HVL requirements for  digital 

(interventional ) radiology as shown in the Table 3.1.  

3.4.4 Automatic exposure control (AEC) 

Automatic exposure control (AEC) unit is a feedback mechanism from the 

imaging transducer to the x-ray generator, controlling either tube voltage 

(kVp), tube current (mA) or both of these parameters (Workman and Cowen, 

1985). The aim of this test is to ensure that the automatic exposure control 

unit (AEC) to maintain a given image receptor input dose rate and the 

luminance at the centre of fluoroscopy video monitor irrespective of patient 

thickness or anatomy. To achieve a level of optimization for image quality 

and patient dose, automatic exposure control should hold the image receptor 

input dose rate at a constant level.  

Recommendation for focal spot size measurements has also been proposed as 

it will affect the system resolution. Star test pattern tool is suitable for this test. 

The tolerance levels have been adopted from IEC (IEC, 1992). 

3.4.5 Focal spot size measurement 

The size of the x-ray tube focal spot affects the final fluoroscopic image 

quality. In the case of too large focal spot size, the quality of the image will be 

degraded. In the next case of too small focal spot size, the exposure time will 

be increased to the point that patient motion may be a problem. Thus, it is 

important to select the appropriate focal spot size initially and to ensure that 
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the measured focal spot meets the manufacturer’s specifications (NCRP, 

1988). 

Finally, the focal spot size is important with respect to resolution in the image, 

especially in the case of magnification techniques. The focal spot dimensions 

have been determined using a star pattern. In an image of a star pattern, the 

diameters (d) are determined where the “rays” of the pattern disappear 

through blurring (starting from the outside of the pattern). Commonly, these 

diameters are determined in the cathode-anode direction (C-A), dC-A, and 

perpendicular to the C-A direction, d⊥C-A. The magnification factor, M, is 

calculated as the ratio of the star pattern diameter in the image and the 

diameter of the real star pattern. When ω is the angle (in radians) of the 

divergence of the rays of the pattern, the focal spot diameter, F, will be as 

follows: 

dF
(M 1)
ω

=
−

   (3.4)   

 

The Fig. 3.1 shows the image of star test pattern used for x-ray tube focal spot 

size measurement.  
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               Figure 3.1 Star test pattern with 2o angle 
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3.4.6 X-ray tube control system 

Limitation of the size of the x-ray field is one of the most important measures 

in radiology, which reduce patient dose and improves image quality. For this 

purpose, light fields are commonly used in imaging which visualize the field 

on the patient. Ideally, the x-ray field should coincide with the light field. In 

addition, the x-ray field should coincide with the monitor field and, if 

applicable, the hard copy. 

In interventional radiology, it is essential to limit the dose to the body, e.g. 

skin, to avoid the induction of deterministic effects. Relatively high dose rates 

may occur, when the distance between the focus of the x-ray tube and the skin 

is small. Therefore, it is recommended to use a minimum distance of 30 cm 

between x-ray tube focus and skin. 

3.4.7 Display station and hard copy devices 

Modern digital radiology imaging equipments are supplied with build-in 

digitally generated test patterns that can be used to test the appropriate 

functioning of display stations (monitors) and hard copy devices (laser 

printer). A test pattern such as one developed by Society of Motion Picture 

and Television Engineers (SMPTE) is suitable for this test (SMPTE, 1986).  

Assessment is based on requirements for the visibility of various elements of 

the test pattern for display station testing. For hard copy camera testing, a 

printed hard copy image of the test pattern is compared with the soft copy 

image of the test pattern displayed on the monitor. The requirements on both 

images should resemble each other. Poor quality hard copy image can be 

indication of a possible degradation in the hard copy camera performance.  

In the visual inspection, the printed image on the film must appear as the soft 

copy in the video monitor. The acceptable limits for each patch in the hard 

copy image are as follows (NJDEP, 2000):  
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• the 0% patch limits are  2.30 OD and  2.60  OD 

• the 10% patch limits are 1.95 OD and 2.25  OD 

• the 40% patch limits are 1.00 OD and 1.30  OD 

• the 90% patch limits are 0.22 OD and 0.38  OD 

The Fig. 3.2 shows the image of a typical test pattern developed by SMPTE. 

3.4.8 Image quality: limiting resolution 

The spatial resolution in radiography is determined both by detector 

characteristics and by factors unrelated to the image receptor. The second 

category includes uncharpness arising from geometrical factors such as, 

penumbra, due to the effective size of the x-ray source and the magnification 

between the anatomical structure of interest and the plane of image receptor or 

relative motion between the x-ray source, patient and image receptor during 

the exposure. Detector-related factors arise from it is effective aperture size, 

spatial sampling interval between measurements and any lateral signal 

spreading effects within the detector or readout (Yaffe et al, 1997). 
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Fig. 3.2 Society of Motion Picture and Television Engineering Test Pattern 
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Limiting resolution of imaging system is used as parameter to rather simply 

measure the system’s spatial resolution. It is used as an alternative to the 

determination of the modulation transfer function (MTF) which is difficult to 

measure in a department of radiology; this is in practice possible only at a 

laboratory (Hay et al, 1985).  Measurement should be under conditions where 

the noise is relatively close to being controlled. For image intensifier system 

this may be achieved by operating at an air kerma rate that is as high as 

possible, so that x-ray quantum noise and camera noise are minimal and the 

predominant source of noise is that of the visual system of the observer 

himself. 

It is generally acceptable that medical equipment contains little relevant 

information above spatial resolution limits of 2 lp mm-1 for phosphor plate 

computed radiography (Hay, 1978). For fluoroscopic systems detailed 

tolerance levels are adopted from Institute of Physics and Engineering in 

Medicine report for field of view (FoV): for image intensifier  FoV (30-35 

cm) the tolerance level is 0.8 lp/mm, for FoV (23-25 cm) the tolerance level is 

1.0 lp/mm and for FoV (15-18 cm) tolerance level is 1.4 lp/mm (IPEM, 1997). 

3.4.9  Image quality: contrast detail detectability 

A radiological image obtained using a digital imaging system can be thought 

of as the result of a two-stage process, i.e. the data recording or acquisition 

stage, and the display stage. The performance during the acquisition stage can 

be quantified using objective measures such as noise power spectrum and 

modulation transfer function. The performance of the whole system, including 

the display, may be quantified by psychophysical measurements using 

threshold contrast detail detectability (TCDD) tests (Cowen et al, 1991). 

Contrast detail phantoms such as the CDRAD phantom developed by the 

Department of Radiology, of the University Hospital Nijmegen, are 

recommended for this test (Thijssen, 1992).  
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Figure 3.3 shows (a) contrast detail phantom image and (b) contrast detail 

phantom diagram. 

The contrast detail phantom is imaged at the centre of the x-ray beam close to 

the image receptor entrance plane. The phantom is placed between two 

PMMA slabs with reasonable thickness to simulate the patient, and obtain the 

image using automatic exposure control.  
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                                   (a) 

 
                                        (b) 

 

Figure 3.3 (a) Contrast detail phantom image (b) Contrast detail phantom 

diagram 
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Prior to forming the contrast detail curve, correct the data by comparing the 

score forms with a reference form containing the correct location of the corner 

objects. Then the result be corrected following the criteria recommended by 

the manufacturer. With these criteria, the detection of objects (at both centre 

and corner) is  considered “true” if the corner object is correctly located and 

“false” if incorrectly located or detected (hence not located). A true detection 

in a certain region is valid only if a true detection exists in two or more 

neighbouring regions (to right, left, up and down). In other words, the true 

detection dose not count if true detection exist in only one neighbouring 

region or none. A false detection or no detection is converted to valid 

detection if true detection exist in three or four neighbouring regions. These 

rules apply for all regions except those at the four corners of the phantom 

image. 

For the corner region where there is only two neighbouring regions, the true 

detection is considered valid if true detection exist in at least one neighbouring 

region. A false or no detection is converted into a valid detection if true 

detection exists in both neighbouring regions. Following the correction, the 

threshold contrast value was determined as the minimum depth in the regions 

of valid detection for each different diameter (Xiujiang et al, 2001).  

The minimum detectable object contrast levels (depths) are plotted as a 

function of the object diameter for a given imaging system or exposures. this 

plot is often referred as contrast detail curve. With this curve, a better low 

contrast performance is indicated by curves closer to the origin (zero object 

contrast and diameter) or lower contrast threshold for each different object 

diameter  (Xiujiang et al, 2001). 

The image quality can be expressed in a figure by calculation of the ratio of 

correctly identified hole-positions to the total number of squares. 
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i

Another method to quantify image quality is the image quality figure 

(Thijssen et al, 1989). By taking at every contrast step, the product of the 

depth and the diameter of the hole that generates the radiation contrast of  

the just visible disc and adding up all  15  products to produce  the image 

quality figure (IQF), according to the following relation: 

i
i

IQF C xD= ∑           (3.5) 

where IQF = image quality figure,  i = contrast-column number, Ci = contrast 

(depth of hole), and Di = threshold diameter in contrast column i. 

Thus the lower image quality figure indicates better image quality. The IQF is 

a measure of just-visible contrasts and details in the image and can be used 

directly to compare different pieces of similar radiological imaging systems or 

to describe the  effects of a change in equipment or technique. In CDRAD 

measurement, when the contrast demands a larger detail than 8.0 mm; this 

diameter is supposed to be 10 mm; smaller details than 3.0 mm are supposed 

to be 0.25 mm (Thijssen et al, 1989).  

Another quantity is also used to determine image quality of radiological 

imaging system from contrast detail phantom (CDRAD) measurements. For 

each row of squares containing cylinders of equal diameter, d., in which at 

least one cylinder is not visualized on radiograph, the square of the product of 

d and h is taken, where h is the depth of just visible details. The values for 

different rows are nearly constant in a photon-noise-limited system, allowing 

the average value (k) to be used as image quality parameters (Zoetelief et al, 

1993).  For specific photon energy, the entrance absorbed dose D is related by 

the values of the diameter d and depth h of the just visible detail according to 

the formula : 

 

Dd2h2 = constant  (k)                             (3.6) 
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Thus a linear relationship is expected between D-1 and k  for a system with 

ideal image ( Zoetelief et al, 1993). 

 

3.4.10 Image quality:  digital radiography image quality phantom 

(DIGRAD) 

An image quality phantom with the possibility of assessing both spatial and 

contrast resolution, dynamic range and exposure homogeneity can be used for 

assessing image quality. For digital radiology, an image quality phantom such 

as the one produced by the Pehamed Company, (Pehamed Co., Sulzbach, 

Germany) is recommended. 

Digital radiography image quality phantom (DIGRAD) is supplied together 

with 2.5 cm aluminum patient-equivalent compensation filter. The phantom is 

attached to the x-ray machine a cording to the manufacturers 

recommendations.  

The x-ray tube voltage and exposure parameters of the x-ray unit should be set 

at the values most commonly used in clinical practice, usually at 70 kV. 

Where manual adjustment of the parameters is not possible, absorbers should 

be used to derive the tube parameters at the desired levels (as used clinically). 

Assessment of such a comprehensive image quality phantom is merely 

dependent on the manufacturer’s specifications. The requirements for spatial 

resolution are the same as those for the limiting resolution. For the Pehamed 

Phantom the manufacturer’s requirements for constancy tests are as follows: 

all 7 dynamic step wedges should be visible and 3 out of the 6 low contrast 

elements should be visible. When assessing hard copy images the 

homogeneity of the exposure , expressed as the deviation of the optical 

density in the centre of the film and optical density at the edge of the image, 

should not exceed ± 0.3 and the optical density should be 1.0 < OD <1.5 with 

difference in measurement values  < 0.3 OD (DIGRAD, 2002). 
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For fluoroscopy unit, assessment of the image quality should be made on the 

soft copy images on a display station. In that situation the spatial resolution 

limits should follow the recommendations for the specified image intensifier 

(II) field of view (FOV). 

3.4.11 Patient dose measurements 

From radiation protection view point, it is necessary to measure patient’s 

entrance surface dose rate during fluoroscopy and cine imaging and to keep it 

under control according to ALARA principle. Measurements are done under 

automatic exposure control (AEC) to assess the ability of the fluoroscopic 

system to a limited level of entrance skin surface dose in accordance with the 

international recommendations.  

In measuring patient incident air kerma rate, radiation detector is placed is 

placed on top of the table facing the focus. Patient equivalent phantom is 

placed above the detector supported on suitable stand.  Measurements are 

performed with standard focus to image receptor distance of 100 cm.  A range 

of PMMA thickness is used as a patient equivalent phantom. Water, copper 

and aluminum can also be used as an alternative. An ionization chamber or 

solid state dose rate meter capable of measuring radiation dose in diagnostic 

radiology range is recommended. The measurements setup described is for 

over-couch image intensifier under-couch x-ray tube. The measurement setup 

is shown in Fig. For different configuration, the phantom and radiation 

detector positions can be interchanged so that radiation detector faces the 

focus. International Atomic Energy Agency (IAEA) has recommended 

fluoroscopy maximum entrance surface dose rate of 100 mGy min-1 for high 

level mode of operation and 25 mGy min-1 for normal mode of operation 

(IAEA, 1996).  
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Fig.3.4 Setup for patient entrance surface dose rate measurement 
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3.5 Equivalent copper thickness in terms of attenuation for use in 

radiology 

The method of Monte Carlo simulation of radiation transport was employed 

for the calculations. The Monte Carlo N-Particle (MCNP) code version 4C 

was used, which was developed at the Los Alamos National Laboratory and 

includes the production of K shell fluorescence photons (Briesmeister et al, 

2000). The MCNP code runs on a Compaq XP900 Alpha Workstation with 

the Unix operating system Tru64 and is compiled with the DEC Fortran-77 

compiler. The MCNP code was applied to calculate the attenuation in the 

different geometries with PMMA, copper or no filters applied. In all these 

cases the detector was placed 1.0005 m from the focus, on the central beam 

axis, with all the filters between the detector and the focus. The fluence was 

calculated with the MCNP code using cell or point detectors, and the fluence 

to air kerma free in air function was calculated in accordance with ICRU 

(ICRU, 1992).The cell detector was a cylinder with a radius of 1 cm and a 

thickness of 1 mm. No anti-scatter grid was used in the calculations. 

Two different radiation beam sizes were used: a small beam with a diameter 

of 0.10 m at a distance of 1.00 m from the focus and a large beam with a 

diameter of 0.23 m at a distance of 1.00 m from the focus. The applied 

combinations of tube voltage and PMMA phantom thickness were: 60 kV, 13 

cm; 80 kV, 14 cm; 100 kV, 16 cm; 120 kV, 17 cm; 150 kV, 18 cm; 150 kV, 

20 cm; and 150 kV, 30 cm. The spectra for the different tube voltages were 

generated with Institute of Physics and Engineering in Medicine software at 

an anode angle of 16°, 0% ripple (constant potential) and 2.5 mm added 

aluminum filtration (Granley et al, 1997). The PMMA phantoms, with a 

density of 1.17 g/cm3 and an elemental composition by mass of 8% hydrogen, 

60% carbon and 32% oxygen , had a surface area of 30 cm × 30 cm, with a 

variable thickness, depending on the applied tube voltage (ICRU 1989). The 
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thickness of the copper filter, density 8.96 g/cm3, was adjusted to get the same 

attenuation as obtained with the relevant PMMA phantoms. This match was 

made for the PMMA phantom in front of the image intensifier and the copper 

filter in front of the image intensifier (back–back) or attached to the X ray 

tube diaphragm (back–front). In addition, a match was made with 

both the PMMA and copper filter attached to the X ray tube diaphragm 

(front–front). A caesium iodide plate 0.5 mm thick, mass density 4.51 g/cm3, 

simulated the image intensifier, with its front at 1.001 m from the focus. 

All the back filters had their exit plane at 1.00 m from the focus. The PMMA 

front filters had their entrance plane at 0.15 m from the focus and the copper 

front filters had their exit plane at 0.15 m from the focus. All materials were 

surrounded by dry air with a density of 1.205 mg/cm3 and an elemental 

composition of 0.0124% carbon, 75.5268% nitrogen, 23.1781% oxygen and 

1.2827% argon.  

The results are presented as the copper equivalent filter thickness for each of 

the PMMA phantom thicknesses mentioned above, at the appropriate tube 

voltages and for the three front–back combinations and two beam sizes. The 

back–back situation, with both the PMMA phantom and the copper sheet in 

the back position (i.e. near the image intensifier), was used to estimate patient 

entrance surface dose rates. The equivalent copper filter calculation was based 

on the detector being placed behind the attenuators to simulate the 

performance of an automatic exposure control (AEC). In addition, a detector 

was placed 1 cm in front of the PMMA phantom or the copper sheet to 

simulate the ionization chamber for the determination of the patient entrance 

surface dose rate. This detector was a cylinder with a radius of 1 cm and a 

thickness of 2 cm. In the DIMOND constancy check protocol the ionization 

chamber measurements are converted to a focus detector distance of 0.50 m 

by applying the inverse square law with the distance to the dose measurement 

of the ionization chamber (Faulkner 2001b). The calculated ionization 
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chamber readings in the presence of either the PMMA phantom or the copper 

filter were compared to assess the uncertainty in the patient entrance dose 

when using a copper filter. 

The front–front situation, with both the PMMA phantom and the copper sheet 

attached to the x-ray tube diaphragm, was used to estimate the dose rate at the 

image intensifier input. In this case only one detector was simulated for both 

the AEC and ionization chamber measurements. 
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CHAPTER FOUR  

RESULTS AND DISCUSSION 

4.1 ESD from the selected diagnostic x-ray examinations  

A total number of 346 radiographs were included in this study. The data were 

collected in four major hospitals in Khartoum, comprising eight x-ray 

facilities. All the x-ray departments under study undertook the chest PA 

examinations, five departments undertook the lumbar spine (AP and LAT) 

examinations, four departments undertook the pelvis AP examinations and 

only two departments undertook the skull (AP/PA and LAT) examinations.  

The QA tests performed showed that the kV and HVL were within the 

acceptable limit of 10%. It was also found that the kVp and mAs were 

reproducible. The QA tests were aimed at diagnosing any equipment 

malfunction.  

The patient information and exposure parameters for the selected 

examinations are shown in Table 4.1.   

The median age of the study sample was found to range from 27 to 41 years.  

The median patient weight measured for 77 patients (22 % of total patients) 

was found to range from 56 kg to 65 kg. This median patient size was lighter 

compared to the standard sized person of 70 kg recommended by ICRP (ICRP 

1991).  

It can be seen from the table that all hospitals were using low kVp, ranging 

between 50-76 kVp, with a median of 66 kVp for chest PA examination. High 

and low kVp techniques were both reported to be commonly used in chest 

radiography examinations in Europe and the USA (Fung et al, 2001).   

Studies have shown that adherence to the CEC guidelines have led to 

reduction in effective dose up to 50% with no change in image quality ( Saure 

1995, Vano et al 1995, CEC 1996). To assess the status of the radiographic 
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techniques applied in Sudanese hospitals, radiographic parameters recorded in 

this work were compared to the corresponding CEC guidelines for good 

radiographic technique. The comparison of the techniques was confined to the 

use of five parameters, namely, FFD, kV, film-screen combination speed, total 

filtration and automatic exposure control (AEC). The studied departments 

showed varying levels of compliance with regard to FFD, kV and minimum 

filtration requirements. 100% compliance was demonstrated for film-screen 

speed and x-ray tube total filtration. 

The radiographic parameters (kV and mAs) used in projections other than 

chest PA were comparable to those recommended in CEC guidelines for 

quality radiographs (CEC, 1996). All departments were reported using 400 

film-screen speed which is the nominal film speed recommended by CEC. 

Non-compliance with CEC guidelines was observed with regard to AEC 

usage, whereas CEC recommended AEC usage in all examinations (CEC, 

1996). Although all hospitals were found using average FFD within the range 

recommended by CEC, there were some cases where minimum FFD for 

certain examinations was less than the minimum value recommended by CEC. 

Few cases were observed in OTH hospital where FFD as low as 119 cm was 

used for chest PA examination. As a result, higher ESDs were encountered in 

this hospital.  The use of optimum FFD is considered very important, since a 

direct relationship between shorter FFD, higher patient's dose and decreased 

geometric sharpness is well established (Vano et al 1995, Brennan et al 1998).  

Figures 4.1a-f show histograms of ESDs for individual patients for the 

selected examinations with median values indicated. The distributions of the 

ESD values, mean, median, standard deviation and sample size (N) are also 

shown. 
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Table 4.1 Patient information and exposure parameters for selected x-ray 

examinations, with median values and range (in parentheses). 

Radiographic data Projection Patient age 

(y) 

Patient 

weight 

(kg) 

Tube 

Voltage 

(kVp) 

mAs FFD (cm) 

Chest PA 41 

(16-90) 

56 

(37-110) 

66 

(50-76) 

12.6 

(3-32) 

180 

(119-210) 

Skull AP/PA 29 

(17-45) 

58 

(50-81) 

68 

(62-74) 

25.4 

(8-40) 

100 

(90-113) 

Skull LAT 29 

(17-45) 

58 

(50-81) 

65 

(60-70) 

20 

(6-28) 

100 

(95-118) 

Pelvis AP 35 

(24-72) 

65 

(45-90) 

68 

(70-76) 

28 

(32-35) 

110 

(104-123) 

Lumbar Spine 

AP 

38 

(16-70) 

62 

(48-90) 

72 

(62-88) 

28 

(4-50) 

101 

(87-127) 

Lumbar Spine 

LAT 

38 

(16-70) 

62 

(48-90) 

82 

(72-96) 

40 

(6-100) 

100 

(80-126) 
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When compared to similar studies, the ESD values found in the present study 

were relatively lower than those reported in Nigeria (Ogundare et al, 2004). 

The sample size was comparable in the two studies. However, the results are 

not surprising since median patient weight of 58 kg was observed in the 

present work compared to the patient weight that was close to the standard 

sized patient of 70 in the Nigerian study. 
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Figure 4.1 Histograms of entrance surface dose (ESD) per radiograph for six 

projections  (a) Chest PA (b) Skull AP/PA (c) Skull LAT (d) Pelvis AP (e) 

Lumbar Spine AP  (f) Lumbar Spine LAT. 
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In Table 4.2 a comparison is given between the ESDs obtained in this work 

with some international established reference dose levels (CEC 1996, IAEA 

1996, Hart et al 2002).  

The lowest mean ESDs for chest PA examination was observed at both RUH 

and KNTH hospitals with values of 0.19 mGy and 0.17 mGy, respectively. As 

it can be seen from Table 4.2, ESDs at these two hospitals are within the 

DRLs recommended by NRPB, CEC and IAEA. The highest mean ESDs for 

chest PA examination were observed at both KTH and OTH hospitals with 

values of 0.27 mGy and 0.25 mGy, respectively.   

Skull AP/PA and Skull LAT at KTH showed the highest mean ESDs of 2.26 

and 1.31 mGy, respectively. These values are also within the recommended 

DRLs established by NRPB, CEC and IAEA. KTH was also found to have the 

highest mean ESD values for Pelvis AP with a value of 1.89 mGy. This is 

much lower than values recommended by CEC, NRPB, and IAEA. 

For Lumbar Spine AP, KNTH demonstrated the lowest values of ESD, with 

mean value of 1.46 mGy, while KTH showed the highest values of ESD, with 

mean of 3.33 mGy. For Lumbar Spine LAT, KNTH demonstrated the lowest 

values of ESD, with mean of 2.9 mGy, while KTH showed the highest values 

of ESD, with mean of 9.9 mGy. 
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Table 4.2 Comparison of mean ESDs obtained in the present work with some 

international reference dose values (in mGy). 

 This work Organisations with DRLs 

Hospitals/ 

Projections 

RUH KTH KNTH OTH NRPB 

(2002) 

CEC 

(1996) 

IAEA* 

(1996) 

Chest PA 0.19 0.27 0.17 0.25 0.2 0.3 0.2 

Skull 

AP/PA 

- 2.26 1.04 1.06 3.0 5.0 2.5 

Skull LAT - 1.32 0.86 0.83 1.5 3.0 1.5 

Pelvis AP - 1.89 1.31 1.40 4.0 10 5 

Lumbar 

Spine AP 

1.88 3.33 1.46 1.94 6.0 10 5 

Lumbar 

Spine LAT 

4.0 9.9 2.9 5.1 14 30 15 

*IAEA values were reduced by a factor of two as recommended by IAEA for 

400 speed screen-film. 
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As it can be seen from Table 3, with exception of Chest PA examinations at 

KTH and OTH, all other measured ESDs were found to be within the 

corresponding DRLs recommended by NRPB, CEC and IAEA. It should be 

pointed out that IAEA DRLs were devised for screen-film with speed of 200. 

For a higher film speed, such as screen film of 400 speed used in the present 

study, the IAEA recommended that its DRLs should be reduced by a factor of 

two (IAEA, 1996). All departments in the present study were reported to be 

using screen-film with speed of 400.  

The variations in ESDs among the different radiological departments studied 

may be attributed to several factors: differences in patient weights, exposure 

parameters, radiological technique, focus-to-film distance, total filtration. The 

contribution of the patient size to the mean ESD variability has been well 

established (Mooney et al, 1998).  However, the selection criteria adopted in 

this study did not impose weight restriction. Weight measurements performed 

for 77 patients (22%) showed that the median patient weight was 58 kg. As 

the dose increases with weight, it is possible to adopt the dose-weight 

adjustment of about 2% per kg as recommended by Hart and Sharimpton 

(Hart and Sharimpton, 1991). Thus, the dose levels obtained in the present 

study would have to be increased by about 24 % in order to be comparable 

directly with the established international reference doses.  When this is done 

it is found that the measured ESDs (except for chest PA at KTH and OTH) are 

still within the corresponding established international DRLs. 

The relative low dose levels found in this study could be attributed to a 

number of factors. In patient dosimetry in diagnostic radiology, dose 

measurements are normally made for standard sized patient i.e. of weight 

close to 70 kg, and for a statistical significant number of patients i.e. a 

minimum of 10 patients per room (NRPB, 1992).  These requirements were 
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rarely fulfilled in the present study. Moreover, the unacceptable over-exposure 

films were excluded from the study.  

Several factors could have positively contributed to the results. Equipment 

performance can be a major factor, as relatively new equipments were 

reported to be used. All facilities were reported to be using screen-film 

combination of 400 speed. In a UK survey, the change of screen-film speed 

from 200 to 400 has reduced the patient dose up to 40 % (Hart et al, 1996). 

Moreover, almost all departments were found to be using filtration above the 

minimum requirements of 2.5 mm Al equivalent, with an average filtration 

per x-ray unit of 3.3 mm Al equivalent (Parry et al, 1999). The relationship 

between higher x-ray tube filtration and low dose was well established (Parry 

et al, 1999). 

    

4.2 Effective dose calculations in conventional diagnostic x-ray 

examinations  

Effective doses were calculated for 325 patients who underwent selected 

diagnostic x-ray examinations in four major hospitals in the Sudanese capital 

Khartoum. The projections included were: Chest PA, Skull AP/PA and Skull 

LAT, Pelvis AP, Lumbar Spine AP and Lumbar Spine LAT. 

4.2.1  Effective dose from NRPB-SR262 and Xdose software 

 Summary of the ESDs estimated from x-ray tube output parameters are 

presented in Table 4.3.  

These data were used for effective dose calculation using NRPB-SR262 

Monte Carlo data and Xdose software (Hart et al 1994, Le Heron 1994).  

It can be seen from table 4.3 that mean tube filtration used was 3.4 mm Al 

equivalent, and that tube voltage used ranged from 63 to 81 kVp. 

In Table 4.4 the calculated effective dose distribution and mean conversion 

factor ESD to ED are presented.  The calculated mean effective dose was 
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found to be 29.9, 14.1, 232.5, 224.5 and 93.6 µSv for Chest PA, Skull AP/PA 

and Skull LAT, Pelvis AP, Lumbar Spine AP and Lumbar Spine LAT, 

respectively. 

Parameters presented in Table 4.3 were used to calculate the effective dose 

using NRPB-SR262 and Xdose software. NRPB-SR262 computer data were 

calculated by the National Radiological Protection Board in the UK using 

Monte Carlo techniques on a mathematical hermaphrodite phantom. 

Effective dose calculations by this method require the knowledge of ESD or 

DAP, projection, kVp and total filtration. The results, which are presented in 

Table 4.4 shows that effective dose values calculated, agreed well with the 

literature values for the same type of examinations (Wall et al 1979 , Zoetelief 

et al 1998). 

The reasons are both technical and clinical. As an example, from technical 

point of view, relatively new radiographic equipments were reported to be 

used, which is an indication that equipment performance was optimized. From 

clinical point of view, the recommended fast film screen combination of 400 

speed was observed.  
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Table 4.3  Summary for ESDs used for effective dose calculations 

ESD (mGy) per radiograph Projection Tube 

filtration  

mm Al eq 

Average 

kVp Mean Min. Max. 

Chest PA 3.4 65 0.23 0.07 0.77 

Skull AP/PA 3.4 66 1.41 0.35 2.78 

Skull LAT 3.4 63 0.99 0.23 1.93 

Pelvis AP 3.2 68 1.55 0.59 4.27 

Lumbar Spine AP 3.4 72 2.06 0.32 4.70 

Lumbar Spine 

LAT 

3.4 81 5.20 0.85 17.43 
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Table 4.4 Effective dose calculated from ESDs and NRPB-SR262 Monte 

Carlo data 

Effective dose (μGy) per 

radiograph 

Projection Number  

of 

patients 

ED/ESD 

Conversion 

factor Mean Min. Max. 

Chest PA 113 0.130 29.9 9.1 100.1 

Skull AP/PA 27 0.010 14.1 3.5 27.1 

Skull LAT 26 0.009 8.91 2.07 17.37 

Pelvis AP 43 0.150 232.5 88.5 640.5 

Lumbar Spine AP 58 0.109 224.5 34.9 512.3 

Lumbar Spine 

LAT 

58 0.018 93.6 15.3 313.7 
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 It is to be noted that Zoetelief et al proposed mean effective dose of 22 µSv 

for chest PA as a guidance level (Zoetelief et al, 1998). Comparison with 

effective dose values derived from UK survey showed that the results 

estimated in the present study are within the recommended guidance levels 

(Hart et al, 2002). 

4.2.2 Effective dose from energy imparted 

On the other hand, ED to patients in the same x-ray examinations were 

calculated using values for entrance skin exposure, HVL and an exposure area 

according to method of Huda and Gkanatsios (Huda and Gkanatsios, 1997). 

The parameters presented in Table 4.5 were used in calculation of the energy 

imparted.   

In Table 4.5 the HVL, peak tube voltage (kVp), ESE, EAP and energy per 

exposure area product are presented.  

The HVL for the equipment under study raged from 2.7 to 2.9 mm Al 

equivalent  

It can also be seen from Table 4.5 that the mean energy imparted to patients 

ranged from 18.7 x10-4 J for LAT skull projection to 105x10-4 J for AP 

Lumbar Spine projection. Energy imparted can be used as an approximate 

indicator of the radiation risk (Wall et al 1979, Cameron 1992).  

In Table 4.6 the calculated effective dose distribution and mean conversion 

factors for ED/ε   are presented. These   conversion factors were used to 

calculate the effective from energy imparted (Huda and Gkanatsios, 1997).   

Since NRPB-SR262 data are given for standard patient size of 70 kg, and for 

the sake of comparison, energy imparted to effective dose conversion factors 

in this study were calculated for a reference man of 70 kg weight.  

These data were required for the computation of the energy imparted in 

selected x-ray examinations. Conversion factors are then applied to estimate 
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the effective dose from energy imparted. The effective dose values calculated 

using this method are presented in Table 4.6.  

When compared to the effective dose values calculated using NRPB-SR262 

data and Xdose software, the results showed good agreement.  

The deviations between the values obtained by the two methods were 7.4 %, 

0.7 %, 11.1%, 0.2%, 7.9 % and 22 % corresponding to Chest PA, Skull 

AP/PA, Skull LAT Pelvis AP, Lumbar Spine AP and Lumbar Spine LAT. 

Huda and Gkanatsios showed deviations between their values and Monte 

Carlo methods of 11% for chest PA, 5% for abdomen and 17% for pelvis AP 

(Huda and Gkanatsios, 1997).  It is clear that both methods can be used for 

effective dose calculation with good accuracy. 
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Table 4.5 Mean  (± S.D.)  exposure parameters (HVL, kVp), entrance skin 

exposure (ESE) and energy imparted for representative  radiological 

examinations 

Projection HVL 

mm 

Al eq 

kVp ESE 

mR 

EAP 

R cm2

(z)x10-6 ω 

J R-1cm-2

x10-4 Jε

PA chest 2.7 65±5 19.8±10 23.7±11 83±6.4 19.6±9 

AP/PA 

Skull 

2.8 66±4 120±10 31±15 83±3 25.6±12 

LAT Skull 2.8 63±3 92.3±39 25±10 75±2 18.7±8 

AP Pelvis 2.7 68±4 130±58 110±49 84±3 92±38 

AP Lumbar 

Spine 

2.9 72±5 178±83 125±58 85±5 105±48 

LAT 

Lumbar 

Spine 

2.9 81±5 444±30 107±74 88±11 92±59 
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Table 4.6 Effective dose values calculated from entrance skin exposure and 

energy imparted. 

Effective dose from energy imparted  

(µSv) 

Projection Number  

of 

patients 

ED/ε 

conversion 

factor Mean ± 

S.D. 

Min. Max. 

PA Chest 113 14.1 27.7±13 8.6 96 

AP/PA Skull 27 5.6 14.3±6.7 3.5 28 

LAT Skull 26 5.3 9.9±4.3 2.2 20.5 

AP Pelvis 43 25.2 232±97 88 587 

AP Lumbar 

Spine 

58 23.2 244±112 39 523 

LAT Lumbar 

Spine 

58 12.2 114±73 18.3 325 
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4.3 Quality control in digital radiology: I 

Two x-ray units were used for the measurements of quality control (QC) in 

digital radiology:  a digital system employing an image intensifier for 

fluoroscopy and imaging for paediatric radiology and a digital system for 

chest radiography using a flat panel detector. In addition to the PMX III and 

the phantoms already presented, a MacBeth 931 densitometer (Kollmorgen 

Company, Newburg, New York, USA) was used to measure film density and 

a luminance meter (MAVOlux 5032B meter, Gossen, Nürnberg, Germany) 

was employed to measure the luminance of the display station. 

4.3.1 X-ray tube and generator 

X-ray tube output of both units is presented in Figure 4.2. The values are quite 

similar but for the chest unit a larger range of tube voltages is shown. It should 

be noted that the filtrations, i.e. 2.0 mm Al + 0.2 mm Cu for the paediatric unit 

and 2.5 mm Al for the chest x-ray unit are quite similar. The consistency of x-

ray tube output with tube-current exposure-time product (mAs) has been 

measured for a range of tube-current exposure-time product values and is 

presented in Figure 4.2.  

For the chest x-ray unit a considerable deviation in x-ray tube output is 

observed at a small tube-current exposure-time product value of 2 mAs 

compared to the average output value for tube-current exposure-time product 

values in the range of 2 to 20 mAs. The requirement for x-ray tube output 

consistency was set at ± 5 per cent. Except for the lowest mAs value at the 

chest x-ray unit the units comply with the requirement. For the paediatric unit, 

the requirement is very easily met. 

The tube voltage accuracy at a number of tube voltages at the two x-ray units 

is shown in Table 4.7 The maximum deviation observed is 1.9 per cent, which 

is considerably smaller than the requirement of ± 5 per cent. Measurements of 
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the radiation quality in terms of the first HVL made with the PMX III are 

shown in Table 4.8 for the two x-ray units. According to International Electro-

technical Commission (IEC) , the requirements for HVL in the case of 

interventional radiology are 1.8 mm Al, 2.5 mm Al and 4.5 mm Al at tube 

voltages of 50, 70 and 125 kV, respectively (IEC, 2000). It is concluded that 

these requirements are met. For the paediatric unit it is concluded that the use 

of Cu is very effective to increase the HVL. A tube voltage of 125 kV is 

probably most realistic in chest radiography. The HVL at a tube voltage is 

rather small compared to the average value of 7.4 mm Al found in a recent 

survey of PA chest radiography in the Netherlands (Van Soldt et al, 2003). 

The use of the AEC did not result in a constant image receptor entrance dose 

as measured with the PMX III (Table 4.9). For the paediatric x-ray unit and 

for phantom thickness of 5 to 12 cm PMMA a maximum dose difference of  

30 per cent was found. For the chest x-ray unit the difference was 18 per cent 

for phantom thicknesses of 10 to 20 cm. 
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Figure 4.2 X-ray tube output as a function of tube voltage for two x-ray units 
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Table 4.7 Tube voltage accuracy measured at two x-ray units 

Tube voltage 

set  (kV) 

Tube voltage measured 

(kV) 

Deviation 

(per cent) 

Unit 

60 60.9 ± 0.1 1.5 Paediatric unit 

81 82.5 ± 0.1 1.9 Paediatric unit 

50 50.6 ± 0.1 1.2 Chest x-ray unit 

81 82.3 ± 0.1 1.6 Chest x-ray unit 

125 125.9 ± 0.1 0.7 Chest x-ray unit 

 

 

 

Table 4.8 Measurement of the first half value layer at two x-ray units 

Tube voltage 

set  (kV) 

Filtration 

(mm) 

First HVL 

(mm Al) 

Unit 

70 2 Al + 0.2 Cu 4.9 Paediatric unit 

80 2 Al 2.8 Paediatric unit 

50 2.5 Al 2.1 Chest x-ray unit 

70 2.5 Al 2.9 Chest x-ray unit 

125 2.5 Al 5.0 Chest x-ray unit 
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Table 4.9. Dose at the image receptor for various phantom thicknesses at two x-

ray units 

Phantom thickness  

(cm PMMA) 

Image receptor  

entrance dose (μGy) 

Relative 

dose 

Unit  

5 945.2 0.88 Paediatric unit1

8 1050 0.98 Paediatric unit1

12 1221 1.14 Paediatric unit1

10 5.14 1.07 Chest x-ray unit2

15 4.90 1.02 Chest x-ray unit2

20 4.38 0.91 Chest x-ray unit2

1The paediatric unit was operated at a tube voltage of 55 kV and a field size of 

30.1 x 30.7 at the image receptor 
2The chest x-ray unit was operated at a tube voltage of 125 kV and a field size 

of 43 x 43 at the image receptor. 

 

Table 4.10 Stated focal spot size, measured focal spot size and requirements for 

the chest x-ray unit (IEC, 1982).  

Nominal focal 

spot size 

Measured focal spot size Requirements 

 dC-A 

(mm) 

d⊥C-A 

(mm) 

dC-A 

(mm) 

d⊥C-A 

(mm) 

0.6 0.76 0.82 0.60-0.90 0.90-1.3 

1.0 0.86 0.98 1.0-1.4 1.4-2.0 
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The focal spot size measured for the paediatric x-ray unit was 1.28 mm in 

both the C-A and ⊥C-A directions. For the chest x-ray unit the results are 

given in Table 4.10. It is concluded that both stated focal spot sizes fulfil the 

IEC requirements, both for the large and focal spot size (IEC, 1982). 

4.3.2 X-ray tube control system 

Alignment between light field, x-ray beam, image on the monitor and image 

on hard copy has been investigated. The results are presented in Tables 4.11 

and 4.12. The requirements are formulated as not exceeding ± 2 per cent of 

the focus-to-image receptor distance (FID), which means a difference of ± 2 

cm for the paediatric x-ray unit and ± 3 cm for the chest x-ray unit. It should 

be noted that the QC requirements are met, but it should also be stressed that 

part of the images are not visible on the monitor. For imaging on hard copies 

the situation seems to be better. 
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Table 4.11 Alignment between light field and field on the display station (monitor) 

for fluoroscopy and imaging. Alignment between light field and field on 

radiographic film. Data for paediatric radiology x-ray unit.  

Correspondence of light field versus image on monitor (fluoroscopy) 

Top: + 0.25 cm Bottom: +0.5 cm Left: 0.25 cm Right: +1.0 cm 

Correspondence of light field versus image on monitor (imaging) 

Top: + 1.0 cm Bottom: +0.75 cm Left: 0.0 cm Right: +0.75 cm 

Correspondence of light field versus image on film (imaging) 

Top: - 1.0 cm Bottom: -0.5 cm Left: -0.75 cm Right: -0.5 cm 

+ value indicates that the image on the monitor is smaller than the 

corresponding x-ray field 

- value indicates that the image on the hard copy is larger than the 

corresponding x-ray field 

 

Table 4.12 Alignment between light field and field on the display station (monitor) 

for imaging. Alignment between light field and field on radiographic film. Data for 

chest radiography unit.  

Correspondence of light field versus image on monitor (imaging) 

Top: + 1.0 cm Bottom: +0.25 cm Left: +0.5 cm Right: +0.25 cm 

Correspondence of light field versus image on film (imaging) 

Top: - 1.0 cm Bottom: -0.25 cm Left: 0.0 cm Right: 0.0 cm 

+ value indicates that the image on the monitor is smaller than the 

corresponding x-ray field 

- value indicates that the image on the hard copy is larger than the 

corresponding x-ray field 
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4.3.3 Display station and hard copy device 

The display station (Sony monitor PVM-20NSE colour video monitor) was 

adjusted to a contrast of 75 and a brightness of 25. In the image of the SMPTE 

pattern the 5 per cent contrast was visible in the 0 per cent background, the 

same holds for the 95 per cent in the 100 per cent background. Only the two 

pixel test pattern was not observed for the horizontal orientation. 

For the hard copy device (Agfa laser printer Drystar 2000) the test was 

similar, i.e. imaging of the SMPTE test pattern. The results were that  5 per 

cent contrast was not visible in the 0 per cent background, but the 95 per cent 

was visible in the 100 per cent background. 

4.3.4 Image quality 

Imaging of the DIGRAD phantom and assessment of the images led to the 

conclusion for the paediatric unit, that the phantom added to a PMMA 

phantom of 6 cm thickness, showed an image in which all 7 step wedges were 

visible and 4 of the low contrast objects. Imaging of the DIGRAD phantom 

and assessment of the images led to the conclusion for the chest x-ray unit, 

that the phantom added to a PMMA phantom  of 10 cm thickness, showed an 

image in which all 7 step wedges were visible and 6 of the low contrast 

objects. Radiographic images fulfil the requirements stated by the 

manufacturer, i.e. all seven step wedges should be visible and at least three of 

the low contrast objects. 

The results from the exposures of the CD phantom were expressed in terms of 

IQF and K. The values of IQF were 64.6 for the paediatric irradiation and 42.6 

for the chest examination. For the image quality parameter K the results were 

4.04 and 2.7, respectively. Results on both image quality parameters are not 

available for paediatric radiology. However for chest radiography, data are 

available from a relatively recent survey (Van Soldt et al, 2003). In this survey 

an average IQF value of 46 and an average value of K of 2.7 were derived. 
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This may be interpreted that the image quality achieved by the chest x-ray unit 

is close to the average value obtained in the recent chest radiology survey, 

organised in the Netherlands. 

4.3.5 Patient dose 

Incident air kerma values for PMMA phantoms of various thicknesses are 

shown in Table 4.13. Entrance air kerma values are high for the paediatric 

examinations compared to the reference values, e.g. 1.5 mGy for skull low 

and compared to the values for PA chest radiography, i.e. 0.3 mGy. High and 

low entrance dose values could have been expected on the basis of the air 

kerma at the entrance of the image receptors (Table 4.9).  
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Table 4.13 Incident air kerma at the PMMA phantom entrance plane for various 

phantom thicknesses at two x-ray units. 

Phantom thickness  

(PMMA in cm) 

Incident air kerma 

(mGy) 

Unit 

5 2.05 ± 0.01 Paediatric unit1

8 3.95 ± 0.05 Paediatric unit1

12 9.61 ± 0.04 Paediatric unit1

10 0.0292 ± 0.0001 Chest x-ray unit2

15 0.0606 ± 0.0001 Chest x-ray unit2

20 0.1439 ± 0.0004 Chest x-ray unit2

 
1The paediatric unit was operated at a tube voltage of 55 kV and a field size of 

30.7 x 30.7 at the image receptor 
2The chest x-ray unit was operated at a tube voltage of 125 kV and a field size 

of 40.5 x 40.5 at the image receptor 
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4.4 Quality control in digital radiology: II 

4.4.1 Imaging systems 

Experimental work was performed to test the DIMONDIII protocol. 

Measurements were performed on digital fluorography unit with an over-

couch x-ray tube (Philips model: Diagnost 96) and under-couch image 

intensifier (Philips medical systems, best, the Netherlands).  The system is 

located in the Reinier De Graaf Hospital at Voorburg, the Netherlands. 

Experimental measurements were also performed on digital fluoroscopy type 

Integris Allura 9 (Philips medical systems, best, the Netherlands) used for 

cardiovascular examinations. The system is located in the Reinier De Graaf 

Hospital at Delft, the Netherlands. 

The third imaging system tested is a digital fluoroscopy system type Integris 

Allura 12 C (Phillips, Best, the Netherlands), used for digital subtraction 

angiography (DSA). This digital fluoroscopy unit was programmed by the 

manufacturer to function in 3 mode of operations. These are continuous 

fluoroscopy and pulsed fluoroscopy (normal and high ) mode of operation. 

The three mode of operations are distinguished by the same frame rate but 

different of filtration.  

4.4.2 Dose measuring equipment and image quality phantoms   

For image quality assessment Huettner type 53 line pair phantom has been 

used for measurement of the spatial resolution of the imaging systems. The 

contrast detail phantom CDRAD type 2.0 is used for contrast detail 

detectability. Measurements of incident air kerma rate have been performed 

using PMX-III X-ray multimeter connected to R100 solid state detector (RTI 

Electronics AB, Moelndal, Sweden). Due to its lead backing the detector is 

insensitive to backscattering radiation. The energy dependence in the radiation 

quality range  
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(for tube voltage: 50 to 150 kV, total filtration: 2.2 mm to 8.0 mm Al) is 

specified by the manufacturer to be within  ±5%. Air kerma measurements 

with the R100 detector connected to PMX-III multimeter were compared with 

those obtained by using calibrated Farmer ionisation chamber (NE2571, 

Nuclear Enterprises, Reading, UK) connected to Keithley  617 electrometer 

(Keithley Instruments Inc., Cleveland,  Ohio, USA). The results show 

agreement within 5%. 

4.4.3 X-ray tube and generator output measurements 

X-ray tube and generator output measurements were performed for digital 

fluorography unit at Reinier De Graaf Hospital-Voorburg. The objective was 

to assure an optimum performance of x-ray tube and generator. Various 

parameters have been tested for this purpose. The parameters tested are: (1) 

peak tube voltage accuracy, (2) half value layer (3) focal spot size and (4) 

automatic exposure control. All measurements have been performed on digital 

fluorography used for digital spot imaging (DSI). 

Peak tube voltage accuracy has been measured using PMX-III multimeter. 

The results together with the calculated deviation are shown in Table 4.14.  
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Table 4.14  Peak tube voltage accuracy and HVL measured for DSI unit 

kVp accuracy Half value layer (HVL) Set peak tube 

voltage (kVp) Measured Deviation Measured Minimum 

for IR [7] 

60 60.1 0.17 2.7 2.2 

70 70.5 0.7 3.5 2.5 

80 81.4 1.7 3.6 2.9 

90 89.7 0.3 4.0 3.2 

100 99.4 0.6 4.1 3.6 

110 109.4 0.6 4.4 3.9 
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Beam quality measurements results in terms of half value layer (HVL) are 

shown in Table 4.14. The results show agreement with the values 

recommended in the protocol, which are shown in the same table (IEC 2000, 

Suliman et al 2003). 

Automatic exposure control of the DSI fluorography unit at Voorburg, the 

Netherlands, was assessed in terms of it’s ability to control the dose rate at the 

input phosphor of the image intensifier and control of the brightness at centre 

of video monitor with variation of the thickness of the patient equivalent 

phantom. At each thickness of PMMA slabs (10, 15, 18, 20 and 25 cm), 

measurements were made for image intensifier input dose rate  using PMX-III 

multimeter connected to  R100 solid state detector. At the same time 

measurements were made for luminance at the centre of the video monitor 

using luminance meter (MAVOlux 5032B meter, Gossen, Nürnberg, 

Germany). The results are presented in Table 4.15.  

The results of variation of image intensifier input dose rate with phantom 

thickness are shown in Fig. 4.4 The results of variation of luminance at the 

centre of video monitor with phantom thickness are shown in Fig. 4.5. 

The results of these measurements show that the x-ray tube and generator of 

the imaging system perform in accordance with the requirements specified in 

the protocol and discussed previously (Suliman et al, 2003). 
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Table 4.15 Image intensifier input dose rates and video monitor luminance as a 

function of different PMMA thicknesses measured for DSI 

Set kVp Real kVp PMMA 

(cm) 

Dose rate 

mGy.s-1

Luminance 

cd/m2

mAs 

70 62 10 0.18 158 1.1 

70 70 15 0.21 157 1.7 

70 75 18 0.24 156 2.5 

70 79 20 0.24 159 2.9 

70 98 25 0.24 158 3.1 

81 62 10 0.18 157 1.1 

81 70 15 0.24 158 1.8 

81 75 18 0.24 160 2.5 

81 79 20 0.24 158 2.9 

81 97 25 0.24 160 3.1 
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Fig. 4.4 Effectiveness of the automatic exposure control in image intensifier 

input dose rate control. 
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 Fig.4.5 Effectiveness of the automatic exposure control in monitor  brightness 

control. 
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4.4.4 Image quality 

Measurements were made as recommended in the protocol using the Huettner 

type 53 line pair phantoms (Suliman et al, 2003) . The limiting resolution for 

the DSI was found to be 3.5 lp mm-1. The results for spatial resolution 

measurements for fluoroscopy units used for cardiac, DSA and DSI are shown 

in Table 4.16. 

The results of image quality measurements in terms of limiting resolution 

(Table 4.16) show that for all fluoroscopy units resolution was within the 

recommended tolerance levels (IPEM 1997, Suliman et al 2003). The results 

show that DSI fluorography unit resolution was better than that of the Cardiac 

and DSA fluoroscopy  units.  This confirms the general observation that 

image quality of radiography is better than for fluoroscopy 

The superior image quality of DSI unit in terms of IQF (Table 4.17) compared 

to Cardiac and DSA unit is clearly indicated. Although there are no tolerance 

levels for CD phantom measurements, IQF can be used to compare difference 

imaging modalities. For chest PA examination Soldt et al reported IQF of 48 

which is very low compared to values measured in the present study for 

radiography (Van Soldt et al, 2003). This suggests that better image quality 

would be possible for the DSI unit.  

4.4.5 Patient dose 

For digital fluoroscopy unit used for cardiovascular examinations, the results 

for incident air kerma rate measurements are presented in Table 4.18.  the 

incident air kerma rate reported is for the smallest available image intersifier 

(II) field of view (FOV). 
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Table 4.16 Results for spatial resolution measurements for fluoroscopy units 

used for cardiac, DSA and DSI 

II FOV Measured 

resolutions 

Lp mm-1

Tolerance 

Lp mm-1

(IPEM 1997) 

Unit 

35  cm x 43 cm 3.5 2.0 DSI 

1.423 cm 1.0 Cardiac Unit 

1.817 cm 1.4 Cardiac Unit 

2.014 cm NA Cardiac Unit 

1.438 cm 1.0 DSA Unit 

 

 

Table 4.17 Image quality figure (IQF) measurements  

II FOV Number of observers IQF Unit 

35  cm x 43 cm 2 70 ± 13 DSI unit 

323 cm 115 ± 5 Cardiac Unit 

38 cm 3 99 ± 3 DSA Unit 
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Table 4.18 Incident air kerma rate measured for 20 cm thick PMMA phantom 

Incident air kerma (mGy min-1) II FOV 

Low Normal High 

Unit 

15 28 42.7 DSA 17 

24 43 66 Cardiac 

unit* 

14 27 46 84 Cardiac unit 

*Unit was operated in pulsed fluoroscopy mode (upper row) and continuous 

mode (lower row) 
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The results obtained in the present work show that incident air kerma rate 

measured for standard phantom size of 20 cm PMMA were within the 

international established guidance level in the case of pulsed fluoroscopy. For 

example, the International Atomic Energy Agency (IAEA) recommends 

maximum entrance surface dose of 50 mGy min-1 (IAEA, 1996). Martin et al 

reported ESD of <23, 23-46 and 46-69 mGy min-1 for fluoroscopy operated at 

low, normal and high dose mode of operation respectively and with II FOV 

that range from 15-18 cm  for 20 cm thick water phantom (Martin et al, 1998).  

It can be seen from Table 4.18 that these guidance levels were exceeded often 

in the continuous mode. Consequently, fluoroscopy units should preferable be 

operated in pulsed mode and high dose mode should be avoided if possible.  

4.5 Determination of the equivalent copper thickness for use in radiology 

In Table 4.19 the equivalent copper filter thicknesses are shown for various 

tube voltages and PMMA phantom thicknesses, for both the small and large 

beam diameter and for the three filter position combinations. The equivalent 

copper thickness ranges from 0.42 mm to 14.9 mm, the smallest value holding 

true for the lowest tube voltage and smallest PMMA thickness. The values 

increase with increasing tube voltage and phantom thickness. The equivalent 

copper thickness was increased by a factor of between 1.03 and 1.78 for the 

small beam diameter compared with the large beam diameter. 

The smallest differences occur with both filters in the front position. The 

small beam diameter and both filters in the front position reduce the 

contribution of scatter to the AEC detector. This is shown in Table 4.19 by the 

highest equivalent copper thickness. Various tube voltage and PMMA 

phantom thickness combinations are shown for both the small and large beam 

diameters. Three situations are shown, namely with the PMMA filter in the 

back position near the image intensifier and the copper filter either in the back 

or front position, and with the PMMA phantom in the front position, attached 
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to the X ray tube diaphragm and the copper filter also in the front position. It 

should be remembered that the effective atomic number for PMMA is less 

than that for copper, so PMMA will produce more scattered radiation than 

copper. 

If the PMMA phantom is changed from the front position to the back position 

the scatter contribution to the AEC detector increases. This results in less 

attenuation for the PMMA phantom, and therefore the equivalent copper 

thickness decreases by a factor of between 0.25 and 0.66. This factor is 

smaller (more deviating from 1) for the large beam compared with the small 

beam and for the high tube voltage compared with the low tube voltage 

because scatter is more important in the large beam and for high tube voltages. 
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Table 4.19 Equivalent copper filter thickness (mm) yielding the same 

attenuation as the PMMA phantom, as calculated before the image intensifier 

plate. 

Tube voltage (kV)  60 80 100 120 150 150 150 

PMMA thickness 

(cm) 

13 14 16 17 18 20 30 

Beam diameter  

at 1 m 

10 (cm) 

  Equivalent copper thickness (mm Cu) 

Position        

PMMA Cu filter        

Back Back 0.64 1.01 1.68 2.4 3.7 4.7 11.3 

Back Front 0.54 0.82 1.37 1.9 2.8 3.7 9.9 

Front Front 0.95 1.65 2.8 4.1 6.6 7.9 14.9 

         

Beam diameter  

at 1 m 

23 (cm) 

  Equivalent copper thickness (mm Cu) 

Position        

PMMA Cu filter        

Back Back 0.51 0.69 1.07 1.41 2.1 2.7 7.4 

Back Front 0.42 0.56 0.86 1.12 1.60 2.1 5.9 

Front Front 0.92 1.58 2.7 4.0 6.4 7.5 13.5 
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If the copper filter is changed from the front position to the back position the 

scatter contribution to the detector increases. More copper is therefore needed 

to achieve the same attenuation, resulting in an increase by a factor of between 

1.15 and 1.31 in equivalent copper thickness. This factor is much closer to 1 

than the factor for the change in the PMMA phantom, indicating that scatter is 

more important for the PMMA phantom than for the copper filter. 

Measurement of the patient entrance surface dose rate, according to the 

DIMOND protocol, involves the situation with both the PMMA phantom and 

the copper filter in the back position. The equivalent copper filter thickness is 

calculated for a constant signal of the AEC detector behind the attenuators. 

The detector reading in front of the attenuators may, however, differ for the 

two situations. In Table II is shown the ratio of the reading with the PMMA 

phantom and with the equivalent copper filter. For the small beam diameter 

the ratio is between 0.98 and 1.08 and for the large beam it is between 1.06 

and 1.23. The main reason for the deviation of this ratio from 1 is the 

backscatter of the PMMA phantom being larger than the backscatter of the 

copper filter. 

The backscatter of the PMMA phantom increases with increasing beam 

diameter and increasing tube voltage (not shown). For 150 kV tube voltage 

and increasing PMMA phantom thickness two effects play an opposite role. 

As the phantom thickness increases with the front face fixed, the backscatter 

factor increases, although at greater thickness it reaches a plateau. As the 

phantom is positioned closer to the focus, with a fixed thickness, the 

backscatter factor decreases, due to an increasing inhomogeneous irradiation 

of the phantom and because the detector remains at 1 cm in front of the 

phantom. It should be remembered that the detector position is at the central 

beam axis. Petoussi-Henss et al. calculated the backscatter factor for a PMMA 

phantom of 30 cm × 30 cm × 15 cm with a fixed focus to surface distance of 
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100 cm (Petoussi-Henss et al, 1998). They used a square field of 10 cm × 10 

cm instead of a circular field with a diameter of 23 cm, a slightly higher 

density of 1.19 g/cm3 instead of 1.17 g/cm3 for PMMA, a vacuum instead of 

air as the surrounding material and 0 versus 1 cm distance between the 

detector and the entrance surface of the PMMA phantom. The backscatter 

factors calculated in this study are between 1% and 4% lower. Considering all 

the differences in the calculation, the agreement is good. 

Petoussi-Henss et al. also calculated the backscatter factor for International 

Commission on Radiation Units and Measurements (ICRU) tissue, which is 

tissue equivalent (Petoussi-Henss et al, 1998). For the spectra used in this 

study, the backscatter factor of PMMA is 6% larger than for ICRU tissue, 

resulting in an overestimation of the patient entrance surface dose rate of 6% 

for the large beam diameter. In general, the reading with a copper filter is 

lower than with the PMMA phantom. 

To estimate the ICRU tissue result, for the large beam diameter, with the 

backscatter factor as supplied by Petoussi-Henss , the correction factor is 0% 

to +17% and quite dependent on the photon energy (Petoussi-Henss et al, 

1998).  
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CHAPTER FIVE  

CONCLUSIONS 

5.1 ESD estimation in selected diagnostic x-ray examinations 

Entrance surface doses were estimated in the present study for patients 

undergoing selected diagnostic x-ray examinations in some major Sudanese 

hospitals. With exception of Chest PA examinations at two hospitals, mean 

ESDs were found to be within the DRLs established by NRPB, CEC and 

IAEA. Because all adult patients were included in the study, Weight-

adjustment suggests that the ESDs measured in this study are lower by 24% 

than values that would have been measured if standard sized patients were 

used. Other factors that contributed to the lower ESDs in this study could be: 

rejection of possibly over-exposed films, equipments performance, as 

relatively new equipments were used, with a high speed screen-film 

combination. 

The findings of the present work can be used as a baseline upon which future 

dose measurements may be compared. The results are also useful to national 

and professional organisations. They are expected to encourage further dose 

surveys in the area of diagnostic radiology that will eventually lead to possible 

establishment of DRLs.     

  

5.2 Effective dose estimation in conventional diagnostic x-ray 

examination 

Effective dose is the best quantity for estimating radiation risk to patients. 

Unfortunately, the quantity can not be measured it must be calculated.  The 

present study was predominately aimed at investigating two methods used for 

effective dose calculations in conventional x-ray diagnostic radiology. The 

results showed good agreement in comparison with literature values.  The 
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energy imparted could be better estimated using a dose area product meter. 

This could reduce the uncertainty in the exposure area product estimation. The 

results show that both methods under study could be used for effective dose 

calculation with good accuracy. Effective dose values calculated in the present 

work using NRPN-SR262 and Xdose software agreed well with the 

recommended values.  The obtained results can form a solid base upon which 

future dose survey could be compared.  

5.3 Equipment requirements  

• Requirements and performance specification for digital (interventional) 

radiology equipment systems have been proposed. The results were 

extracted from various studies and conclusions based on experimental 

observations reported in the form of published data. 

• The requirements, if correctly implemented, are expected to reduce the 

dose to both patient and staff by a factor of 1.5- 2, and hence reduce the 

probability of deterministic and stochastic effects to occur. 

• The requirements will set a base-line features that can be incorporated in 

further developments in digital radiology and will facilitate the purchase of 

proper installation for specific interventional. 

5.4 Protocol for quality control in digital radiology 

• Quality control tests and evaluation procedures have been drafted for 

digital fluoroscopy systems including those used in fluoroscopically 

guided interventional procedures. One of the important aspects is the 

radiation dose to patient.   

• The present document offers means and procedures for testing of digital 

fluoroscopy equipment and practical methods for quality control. Quality 

control will eventually result in minimising patient dose while maintaining 

acceptable image quality 
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• Quality control of digital fluoroscopy equipment may initially be 

conducted in sequential order starting with x-ray tube and generator 

parameters, fluoroscopic beam control system, hard copy devices and 

display station ending with overall fluoroscopic system in terms of image 

quality and patient dose. In this way baseline values are established for 

various parameters. After initial testing, quality control may be restricted 

to overall tests, which are less time-consuming. 

• Pilot study will be conducted using the present document in testing 

digital fluoroscopy systems utilised in fluoroscopically guided 

interventional procedures. digital fluoroscopic systems in Hospitals 

participating in the project DIMOND III will be evaluated and criteria 

for good fluoroscopic technique will be accordingly established. 

5.5 Quality control in digital radiology: I 

• X-ray tube voltage and generator requirements are generally fulfilled, 

except for x-ray tube output at low mAs values. The use of an AEC unit 

for different phantom thicknesses for various types of examinations 

does not yield constant image receptor entrance dose. 

• The requirements for the correspondence of the x-ray filed and the light 

field, as well as those for the display station and the hard copy device 

are fulfilled. However, the image on the monitor is smaller than the 

corresponding x-ray field. The x-ray field is completely visualised on 

the hard copy. 

• The image quality assessed by the various methods indicates that the 

results for the paediatric unit are worse than for the chest x-ray unit. For 

the chest x-ray unit image quality is similar to the results obtained in a 

recent survey of PA chest radiography in the Netherlands (van Soldt et 

al 2003). Doses at the paediatric x-ray unit are relatively high and at the 

chest x-ray unit relatively low.  
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5.6 Quality control in digital radiology: II 

QC measurements were performed on three digital fluoroscopy systems using 

IMONDIII QC protocol. The results showed that QC tests previously used for 

conventional x-ray equipment can also be used for digital systems with regard 

x-ray and generator testing.  The results for incident air kerma rate measured 

for digital fluoroscopy are consistent with the recommended values when 

fluoroscopy is operated in pulsed mode. However, these values are often 

exceeded with continuous and high dose rate mode. Therefore, operating 

fluoroscopy system at high dose rate mode should be avoided unless 

otherwise deemed necessary.  

 

5.7 Copper equivalent filters for use in radiology 

Instead of the 1 mm or 1.5 mm thick copper sheets recommended in the 

DIMOND protocol, copper sheets with thicknesses ranging from 0.4 mm to 

7.5 mm are needed to achieve the same attenuation as the PMMA phantom (in 

the back position), without an anti-scatter grid, for the large beam diameter. 

For the small beam diameter the equivalent copper thickness ranges from 0.5 

mm. 
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