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resumo 
 

 

Esta tese pretende contribuir para o estudo e análise dos factores relacionados 
com as técnicas de aquisição de imagens radiológicas digitais, a qualidade 
diagnóstica e a gestão da dose de radiação em sistema de radiologia digital. 
A metodologia encontra-se organizada em duas componentes. A componente 
observacional, baseada num desenho do estudo de natureza retrospectiva e 
transversal. Os dados recolhidos a partir de sistemas CR e DR permitiram a 
avaliação dos parâmetros técnicos de exposição utilizados em radiologia 
digital, a avaliação da dose absorvida e o índice de exposição no detector. No 
contexto desta classificação metodológica (retrospectiva e transversal), 
também foi possível desenvolver estudos da qualidade diagnóstica em 
sistemas digitais: estudos de observadores a partir de imagens arquivadas no 
sistema PACS. 
A componente experimental da tese baseou-se na realização de experiências
em fantomas para avaliar a relação entre dose e qualidade de imagem. As 
experiências efectuadas permitiram caracterizar as propriedades físicas dos 
sistemas de radiologia digital, através da manipulação das variáveis 
relacionadas com os parâmetros de exposição e a avaliação da influência 
destas na dose e na qualidade da imagem. Utilizando um fantoma contraste-
detalhe, fantomas antropomórficos e um fantoma de osso animal, foi possível 
objectivar medidas de quantificação da qualidade diagnóstica e medidas de 
detectabilidade de objectos. 
Da investigação efectuada, foi possível salientar algumas conclusões. As 
medidas quantitativas referentes à performance dos detectores são a base do 
processo de optimização, permitindo a medição e a determinação dos 
parâmetros físicos dos sistemas de radiologia digital. Os parâmetros de 
exposição utilizados na prática clínica mostram que a prática não está em 
conformidade com o referencial Europeu. Verifica-se a necessidade de avaliar, 
melhorar e implementar um padrão de referência para o processo de 
optimização, através de novos referenciais de boa prática ajustados aos 
sistemas digitais. Os parâmetros de exposição influenciam a dose no paciente, 
mas a percepção da qualidade de imagem digital não parece afectada com a 
variação da exposição. Os estudos que se realizaram envolvendo tanto 
imagens de fantomas como imagens de pacientes mostram que a sobre-
exposição é um risco potencial em radiologia digital. A avaliação da qualidade 
diagnóstica das imagens mostrou que com a variação da exposição não se 
observou degradação substancial da qualidade das imagens quando a 
redução de dose é efectuada. Propõe-se o estudo e a implementação de 
novos níveis de referência de diagnóstico ajustados aos sistemas de radiologia 
digital. Como contributo da tese, é proposto um modelo (STDI) para a 
optimização de sistemas de radiologia digital. 
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abstract 

 
In the present study an attempt has been made to contribute for the analysis of 
the factors related with the technical acquisition, the quality of the diagnostic 
image and dose management in digital detector systems for projection 
radiography. 
The thesis methodology is organized in two components. The observational 
component is based on a retrospective and transversal design. The data 
collected from CR and DR systems allowed the evaluation of exposure 
parameters from digital images, absorbed dose and exposure index to the 
detector. Under this classification (retrospective and transversal design) it was 
also possible to develop diagnostic quality evaluations from digital radiographic 
images: observer performance studies from digital images stored in the PACS.  
Under the experimental component of this thesis several experiments using 
phantoms were performed in order to evaluate the relation between dose and 
image quality. The experiments allowed the characterization of physical 
properties of digital image systems and manipulation of variables such as those 
related to exposure parameters and evaluation of its influence in dose and 
image quality. Using a contrast-detail phantom, anthropomorphic phantoms 
and an animal bone phantom it was possible to provide objective measures 
concerning the quantification of diagnostic quality and measures of object 
detectability. 
According to the research undertaken several conclusions could be highlighted. 
Quantitative measures of DR and CR detectors performance provide a basis 
for optimization, allowing to measure and determinate the physical properties of 
digital radiology image systems. Exposure parameters being used in digital 
radiography shows that current routine radiographic practice does not comply 
with European guidelines concerning exposure techniques. There is a need to 
evaluate, improve and establish a baseline reference aiming exposure 
optimization and provide new guidelines for current digital systems. Exposure 
parameters influence patient dose in digital radiology but image quality 
perception seems not to be affected with exposure variation. Studies performed 
both with phantoms and patients showed that overexposure is a potential risk 
when working with digital systems. Evaluation of diagnostic quality of digital 
images when a variation of exposure parameters is provided showed no 
substantial decrease in image quality when dose reduction is achieved. New 
dose reference levels should be studied and implemented according to the 
digital system characteristics and performance. 
A conceptual framework (STDI) is proposed as an attempt to provide a 
practical method to optimize digital radiology systems. 
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Introduction 

 1 

Introduction 

 

The discovery of X-Rays in 1895 by Roentgen has fostered new study 

methods and techniques in the field of radiology. Until today radiology 

continuously evolved technological developments and extended to a broad 

spectrum of the radiological imaging process. 

Since the early days from Roentgen’s discovery the radiographic film has 

been used as the radiographic image physical support. During the last two 

decades developments in computer applications and radiological technology have 

occurred. The technology being used nowadays in clinical practice has become 

digital. The conversion from conventional to digital image acquisition brought to 

the radiology professionals the need to evaluate, review and improve the 

radiologic procedures concerning image quality and radiation protection in digital 

technology. 

 

Motivation and objectives 

 

Advances in digital technology allowed the development of full digital X-Ray 

detectors that are currently available for projection radiography. Computed 

Radiography (CR) and Digital Radiography (DR) are digital technologies widely 

spread in healthcare institutions nowadays. These technologies have been 

replacing traditional Screen-Film (SF) systems and this constitutes a challenge for 

radiographers and other healthcare staff. The International Commission on 

Radiological Protection (ICRP) states that in the last decade, the replacement of 

conventional fluoroscopic and radiographic equipment with digital imaging systems 

has increased rapidly in developed countries (ICRP, 2004). In Portugal, during the 

last decade many hospitals and radiology clinics have invested in digital systems 
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for projection radiography and now they are becoming progressively more 

common. 

Digital radiography technology was introduced in radiographers’ daily 

practice but in Portugal there is no enough evidence by using appropriate methods 

to evaluate and optimise systems performance to ensure safety and quality when 

using digital technology. The transition from screen-film to digital technology 

should constitute a challenge for radiographers, researchers and other healthcare 

staff. Findings from a study delivered in South Africa (Nyathi, 2010) suggest that 

there is need for formal education of health professionals concerning the use of 

new digital technologies. 

The first digital radiography system using the basic principle of the 

conversion of the X-Ray energy into digital signals utilizing scanning laser 

stimulated luminescence (SLSL) was developed by Fuji (Tokyo, Japan) and 

introduced in the market in the beginning of the 1980s (Sonoda, 1983). In the mid-

1980s, the storage phosphor systems (SPS) became a new clinical application as 

a new imaging method for exposures at the wall stand, the Bucky table and 

bedside imaging. The high technical requirements and financial costs, associated 

with limited image quality and difficult handling - without a reduction of examination 

time - delayed the transfer of SPS into routine clinical use, which started to 

increase at the beginning of the 1990s (Busch, 2004). Today the storage-phosphor 

radiography systems or CR systems play a fundamental role in the field of digital 

projection radiography. 

Simultaneously, several other technological developments have been made 

in this field. Large-area flat-panel radiography detectors have been developed and 

introduced in the clinical practice since the beginning of 2000 (Kotter, 2002). More 

recently, flat-panel detectors have been developed that enable direct digital 

registration of image information at the detector. Digital large area detectors have 

become commercially available and they are being introduced into the clinical 

routine. The flat panel technology allows a considerable dose reduction during 

routine chest radiography without loss of image quality (Strotzer, 2002). Due to its 
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high detection quantum efficiency and dynamic range compared with traditional 

screen-film systems, a dose reduction of up to 50% is possible without loss of 

image quality in skeletal and chest radiography examinations (Volk, 2004). 

According to Chotas (2001) when using the digital system there is the option to 

choose either superior image quality at conventional dose levels or reductions in 

patient dose while maintaining image quality comparable to that of screen-film 

radiographs. 

Although the rapid progress in several radiology fields such as in magnetic 

resonance imaging or computed tomography, the plain-film radiography still 

represents up to 80% of all examinations performed in the daily routine in 

Portuguese hospitals (Portuguese Health Ministry, 2005). In the United States 

projection radiography (including mammography), makes up roughly 74% of the 

imaging procedures using radiation that are conducted annually. It contributes 

11% of the total yearly exposure to radiation from medical imaging (FDA, 2010). 

In developed countries, early detection of many diseases, more effective 

diagnosis, and improved monitoring of therapy through the use of radiology exams 

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

life expectancy. At the same time, these types of exams expose patients to 

ionizing radiation. This may elevate a person’s lifetime risk of developing cancer. A 

balanced public health approach seeks to support the benefits of these medical 

imaging exams while minimizing the risks (FDA, 2010). 

The International Atomic Energy Agency (IAEA, 2002) estimates a 

worldwide annual number of diagnostic exposures at 2500 million and therapeutic 

exposures at 5.5 million. Concerning diagnostic exposures, 78% are due to 

medical X rays, 21% due to dental X rays and the remaining 1% due to nuclear 

medicine techniques (IAEA, 2002). The annual collective dose from all diagnostic 

exposures is about 2500 million man Sv, corresponding to a worldwide average of 

0.4 mSv per person per year. According to the United Nations Scientific 

Committee on the Effects of Atomic Radiation (UNSCEAR, 2000) report the overall 

mean effective dose per examination has increased by about 20% and the annual 
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collective effective dose by nearly 50%, from 1991 to 1996. This facts show that 

the patient dose has increased from the use of medical radiation in developed 

countries.  

Digital radiography detectors - based on different technological solutions - 

have become available for clinical applications. The optimisation of the radiological 

process concerning image quality and reduction of patient exposure raises several 

research questions which are the scope of this thesis, namely: How do the 

exposure parameters influence the diagnostic quality in digital systems? What are 

the acceptable radiation doses for a useful diagnostic image? At what level could 

the dose be reduced maintaining an accurate diagnosis? 

In the present study an attempt is made to contribute for the analysis of the 

factors related with the technical acquisition, the quality of the diagnostic image 

and dose management in digital detector systems for projection radiography. 

Within the framework of this thesis it is our aim to: 

• Provide a quantitative measure of DR and CR detectors performance 

• Identify exposure parameters used in plain radiography and compare the 

data with European reference 

• Evaluate the influence of exposure parameters in patient dose and 

image quality 

• Evaluate the diagnostic quality of digital images examinations when a 

variation of exposure parameters is provided 

• Propose an evaluation framework for continuous improvement in digital 

radiology 

 

Study justification 

 

According to the Final Report from the DIMOND Consortium (Busch, 2004) 

the discussion about the quality of new imaging methods must be based on the 
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100 years of experience with film/screen radiography, 25 years of experience with 

digital image intensifier radiography and 20 years of experience with storage 

phosphor radiography. 

Several studies have been conducted based on the European guidelines on 

quality criteria for diagnostic radiographic images (CEC, 1996) aiming to study the 

relationship between the diagnostic quality image and the exposure parameters 

(Álmen, 2000; Doherty, 2003; Álmen, 2004). 

Recent studies compare the digital systems concerning the image quality 

metrics measurement (Liu, 2004) and the value of the diagnostic quality in 

different digital detectors (Peer, 2002). 

The development of digital technology offers the possibility for a reduction 

of radiation dose around 50% without loss in image quality when compared to a 

conventional X-Ray film system (Hosch, 2002). Digital systems give an equivalent 

or superior diagnostic performance and also several other advantages such as 

transmission and storage possibilities inherent to digital radiology that would 

facilitate daily practice (Garmer, 2000). 

In the past, the concern of the radiology professionals has been focused on 

image quality. Today, the dose reduction and a favourable cost/benefit relation are 

important decision criteria for the management of radiological images. 

Radiographers have the responsibility to apply the ALARP (as low as reasonably 

practicable) principle. This means that the image quality should be as good as 

necessary and the dose value should be as low as possible, consistent with the 

clinical objective (Busch, 2004). 

Significant differences in national practices with medical radiation exposure 

with real impact on population mean annual effective dose are described by 

several studies (UNSCEAR, 2000; Regulla, 2005). Reports of wide variations in 

patient dose for the same radiographic examinations within and among hospitals in 

UK and Europe are described (Johnston, 2000; Carroll, 2003). The following 

question is addressed in a Special Report (Gray, 2005): "Is it really justified for one 
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facility to use an exposure that is 10, 20 or 126 times greater than that used by 

another facility to produce a radiographic image?". In addition, a study by 

Berrington de González (2004) estimates that diagnostic use of X-Ray causes an 

increase of cumulative risk of cancer at age of 75 in several European countries. 

Emphasis on radiation protection in medicine was reinforced by ICRP 

(1991) by the publication of new recommendations about this subject. Also, the 

concept of optimization in diagnostic radiology was introduced later (ICRP, 1996). 

Recently, ICRP (2004) provided recommendations for the management of patient 

dose in digital radiology. 

Studies by Lança (2008c) and Lança (2007) suggest the development of 

national/local studies with the objective to improve exposure optimization and 

technical procedures in plain radiography. This is needed because at a local level 

radiographic practice does not comply with CEC guidelines concerning exposure 

techniques and a significant variation of exposure parameters in several exams 

was found. 

Radiation protection and optimization of radiation for diagnostic purposes 

involves the interface between three important aspects of the imaging process 

(European Commission, 2002): (i) the diagnostic quality of the radiographic image; 

(ii) the radiation dose to the patient; and (iii) the choice of radiographic technique. 

These three aspects are determinant factors that contribute for diagnostic quality 

of the radiographic image. They depend on the technical options that are taken by 

the radiographer when a radiological examination is performed. 

The optimisation of image quality and reduction of patient exposure in 

medical imaging is a current field of study which is highlighted by the European 

Commission (2002). In addition, the report from the DIMOND Consortium (Busch, 

2004) states that there must be an intensive debate on the strategies and methods 

for optimising and standardising the image quality in the future. The DIMOND III 

report reinforces the importance to provide scientific studies aiming the 

development of a methodological framework based on a new concept that consists 

of three steps: 
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• Optimisation (use clinical criteria) 

• Objectivation (description with phantom exposures) 

• Standardisation (defined bandwidth of image quality) 

This framework based on the optimization process is supported by clinical 

criteria which means that optimization in diagnostic radiology must satisfy the 

diagnostic requirements for an accurate diagnosis at the lowest patient exposure 

as possible. For the optimization purpose there is the need to provide objective 

criteria and measurements using phantom exposures to study the effect of 

exposure (and this means dose) in diagnostic image quality. The two previous 

steps are the basis to provide the bandwidth of image quality aiming the 

standardization of the clinical image adequate to its clinical purpose. 

Two basic principles of radiological protection as recommended by the 

ICRP justify the practice and optimization of protection. It is accepted that 

justification is the first step in radiological protection. The diagnostic exposure is 

only justifiable when there is a valid clinical indication. Every radiological 

examination must result in a net benefit to the patient. Once a diagnostic 

examination has been clinically justified, the subsequent imaging process must be 

optimized to obtain the required diagnostic information for a patient dose that is as 

low as reasonably achievable (IAEA, 2004). Optimization is a process that could 

provide a considerable scope for reducing doses without loss of diagnostic 

information. Even if the optimization in diagnostic radiology does not necessarily 

mean the reduction of doses to the patient, it should constitute an indirect benefit 

for the protection and safety of the patient. 

This thesis is based on theoretical foundations that lead to the following 

operational hypothesis: Considering that digital radiography systems have the 

potential to decrease patient exposure it is feasible to optimize the technical 

procedures aiming dose reduction while maintaining diagnostic image quality. 

This study involves the implementation of a broad range of evaluation 

methods, including objective (non-observer dependent) and subjective methods 
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(observer dependent). The use of those complementary methods should be able 

to provide a reliable measure of system performance and contribute for the 

optimization of a digital radiography system. Digital radiography system evaluation 

methods and image evaluation methods are not comparable, but complementary 

among themselves aiming to: 1) give a detector performance metrics 

(performance reliability and reproducibility); and 2) give an image quality metrics 

dependent from the observer’s perception. 

According to Tapiovaara (2006) an optimization process for clinical 

purposes involves different tasks which are best performed by different 

assessment methods. The outcome is often referred to as technical (or physical) 

image quality or clinical image quality, according to the method being used. 

 

Thesis innovative contributions 

 

The present study includes the analysis of the current radiological practice 

in digital systems (CR and DR) available at several healthcare institutions. The 

thesis focuses on the intrinsic factors that contribute for the improvement of the 

whole radiological process. 

An optimization framework in digital radiology should be the basis for 

continuous improvement of the radiological process in digital radiology. Using 

objective measurements (concerning detectors performance), evaluating exposure 

parameters and dose, by means of clinical/image quality criteria for process 

improvement, this thesis investigate how to optimize exposure and image quality. 

The strategic parameters concerning the dose control/reduction process were 

established using anthropomorphic phantoms and a contrast detail phantom. This 

was meant to the objectivation step while describing the phantom exposures and 

providing evidence concerning the dose and the image quality. From the theory to 

the practice an optimization framework using objective methods was set. A 
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practical optimization framework of a digital radiographic system is a main 

contribution of this work. A wide spectrum of methods aiming digital radiological 

systems optimization was investigated in this research. An optimization framework 

in digital radiology is proposed based on the results from this investigation: the 

STDI (system; technique; dose; image) model. This conceptual model of process 

optimization and continuous improvement is based on the results obtained from 

the undertaken research.  

 

Thesis structure 

 

This thesis consists of an introduction and three main parts. 

Part I begins with theoretical foundations in which a conceptual framework 

is presented. This part is organized in four chapters. Chapter 1 gives a technical 

overview of digital radiography detectors (CR and DR). Digital detectors 

technologies and features are described. Chapter 2 addresses technical issues 

concerning digital technologies. Radiological equipment and technique is briefly 

introduced together with a discussion about requirements and advantages of 

digital technologies. Chapter 3 refers to the management of patient dose and 

provides an explanation of dose-related concepts. In this chapter, exposure 

influence in dose and image representation and the effects of radiation exposure 

are also discussed. Chapter 4 provides a theoretical background about image 

quality in diagnostic radiology. This chapter addresses digital image representation 

and also to image quality evaluation methods. 

Part II details the research design. This part is structured in two chapters: 

methodology; and results. Generically, both chapters have the same organization, 

focusing issues like digital detector quantitative measures, exposure parameters 

evaluation, dose and image quality evaluation, digital images and diagnostic 

quality perception. Chapter 5 – methodology – describes study design and 
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methodological options for thesis development. Chapter 6 – results – presents the 

results from methodological options and study design. 

Finally, Part III provides in chapter 7 a general discussion of results. This 

discussion chapter is based on results emerging from the research undertaken, 

presented in Chapter 6. For a comprehensive understanding chapter 7 is 

organized in 5 sections: Digital radiology systems performance; Digital image and 

exposure parameters; Dose optimization and patient protection; Diagnostic image 

quality in digital radiology. A proposal of an optimization framework is provided as 

a contribution and outcome from this thesis. Part III is closed by chapter 8 where 

conclusions from this work and future prospects are suggested. 
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Chapter 1: Digital radiography detectors: a technical 
overview 

 

The transition from a screen-film (SF) environment to a new digital 

environment should be considered as a complex process. Technical factors 

concerning image acquisition, the management of patient dose and diagnostic 

image quality are some issues that could influence this process. In a transition 

process from SF to digital, patient radiation doses could increase 40 to 103% 

(Vaño, 2007). When compared to SF, digital technology could increase patient 

radiation doses due to the wide dynamic range they have. However, the dynamic 

range is useful because it contributes for a better clinical image quality when 

compared to traditional SF systems (Persliden, 2004). This is an important 

difference among analogical and digital technologies. The risk of overexposure 

with no adverse effect on image quality could be present. Digital imaging systems 

could facilitate over or under-exposure that influences patient’s dose. 

Overexposure could provide good quality images, but may cause unnecessary 

patient dose. Although several advantages over SF systems are identified, 

considerable variations in image quality and effective dose can be achieved 

among different digital detectors (Pascoal, 2005). 

According to Busch (2004) the choice of the radiographic technique, the 

radiation dose delivered to the patient and the diagnostic quality of radiographic 

image are three core aspects of the imaging process aiming the management of 

patient dose and image quality. This is a challenge for radiographers because 

clinical advantages and limitations of digital technologies for projection 

radiography are also dependent on the radiographer’s options for a particular 

patient examination. 

Recent literature reviews concerning digital radiology detectors have been 

provided by several authors (Lança, 2009a; Lança, 2009b; Uffmann, 2009; 

Williams, 2007; Körner, 2007; Samei, 2004). 
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In this chapter an overview of digital radiography systems (both CR and 

DR) currently available for clinical practice is provided.  

 

1.1 Overview of CR and DR detectors 

 

Several digital systems are currently available for the acquisition of 

projection radiographs. These digital systems are traditionally split into two broadly 

categories (Samei, 2004; Korner, 2007): Computed Radiography (CR) and Digital 

Radiography (DR). Although this taxonomy is commonly accepted other 

classifications are described (Schaetzing, 2003): Direct Digital Radiography and 

Indirect Digital Radiography technologies (including CR). In this case the detector 

classification is related with the conversion process of X-Ray energy to electric 

charge. Despite charge-couple devices (CCDs) could be considered indirect 

conversion DR systems, they are not flat-panel detectors and studies dealing with 

CCD-based digital general radiography are rare (Korner, 2007). According to 

these authors this technology is mainly related on other applications such as 

mammography and digital dental radiography. For this reason CCDs will be 

excluded from this overview. 

Despite the taxonomy that is used the major difference among digital 

technology systems related with X-Ray detection and readout process. 

Concerning CR systems they use storage-phosphor image plates with a separate 

image readout process which means an indirect conversion process; DR 

technology converts X-Rays into electrical charges by means of a direct readout 

process using Thin Film Transistor (TFT) arrays. These systems can be further 

divided into direct and indirect conversion groups depending on the type of X-Ray 

conversion used (Korner, 2007). Table 1 shows the differences among detector 

technology concerning three components of digital detectors (Samei, 2003a): the 

capture element, the coupling element, and the charge readout element. 
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Table 1- Three components of digital detectors 
Detector 
technology 

Capture element Coupling element Charge readout 

CR BaFBr:Eu2+  
phosphor 

photostimulated 
luminescence (PSL) light-
guide 

Photo-multiplier tube; 
signal digitization 

Direct 
conversion a-Se None TFT array 

DR 
Indirect 
conversion 

CsI or G2O2S 
phosphor Contact layer a-Si photodiode/TFT 

array 

 

DR detectors can use either a direct or indirect process for converting X-

Rays into electric charges. These detectors use direct-readout by means of a TFT 

array despite the conversion process of the X-Ray beam. Direct-conversion 

detectors have an X-Ray photoconductor - such as amorphous selenium (a-Se) - 

that converts directly at only one stage X-Ray photons into electric charges. 

Indirect-conversion systems use a two stage technique for conversion. They 

have a scintillator, such as Cesium Iodide (CsI) that converts X-Rays into visible 

light at a first stage. That light is then converted - at a second stage - into an 

electric charge by means of an amorphous silicon photodiode array (Chotas, 

1999). 

CR technology uses an indirect conversion process using a two stage 

technique. X-Rays are captured at a storage-phosphor screen (SPS) (ex: 

BaFBr:Eu2+) and then a photodetector captures the light emitted from the SPS and 

converts the captured luminescence into a corresponding digital image. 

Figure 1 show a general description model for digital X-Ray technologies. 
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Figure 1 - General description model for digital X-Ray technologies 

 

Despite the process of X-Ray detection and readout digital detectors offer 

several advantages when compared to SF systems. This includes wide dynamic 

range, adjustable image processing, better image quality, rapid image acquisition 

and image access at remote locations (Chotas, 2001). 

 

1.1.1. Computed Radiography (CR) 

 

Computed Radiography (CR) was the first available digital technology for 

projection radiography. CR technology is based in storage-phosphor screens 

(SPS) and its first clinical application by Fuji took place at the early 80s. 

This technology uses a photostimulable detector replacing the traditional SF 

cassettes. The storage-phosphor plates are exposed inside the cassettes with 

standard dimensions for typical plain radiography and no change of generator, X-
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Ray tube and Bucky wall or table mounted system is necessary. CR technology 

allows the radiographer to obtain plain radiography images like in a traditional SF 

system. The difference is how the latent image is created and how this image 

processing is done. The basic CR imaging cycle has three steps (Schaetzing, 

2003): (i) expose, (ii) readout and (iii) erase. 

Inside the radiography cassette an image plate (IP) - or SPS - having a 

detective layer of photostimulable crystals is available. The detective layer consists 

on a family of phosphors BaFX:Eu2+ where X can be any of the halogens Cl, Br or I 

(or an arbitrary mixture of them) (Rowlands, 2002). A typical SPS can store a 

latent image for a considerable period of time. However, according to the 

American Association of Physicists in Medicine (AAPM, 2006), it will lose about 

25% of the stored signal between 10 minutes to 8 hours after an exposure 

resulting in the loss of energy through spontaneous phosphorescence. 

The phosphor crystals are usually cast into plates into resin material in an 

unstructured way (unstructured scintillators) (Korner, 2007). When the SPS is 

exposed to the X-Ray the energy of the incident radiation is absorbed and excites 

electrons to high energy levels (Figure 2 a-b). These excited electrons remain 

trapped at unstable energy levels of the atom. The absorbed X-Ray energy is 

stored in crystal structure of the phosphor and a latent image is then created at 

these high energy states giving a spatial distribution of these electrons at the SP 

detector. This trapped energy can be released if stimulated by additional light 

energy of the proper wavelength by the process of photostimulated luminescence 

(PSL) (AAPM, 2006). 

 



Part I – Theoretical foundations 

 18 

Photostimulated 
luminescence (PSL)

Laser beam

X-ray photon

a) b)

c) d)

Photostimulated 
luminescence (PSL)

Laser beam

X-ray photon

a) b)

c) d)
 

Figure 2 - SPS exposure and PSL 

 

After the X-Ray exposure and the creation of the latent image, the SPS is 

scanned in a separate CR reader device. The readout is a process that follows 

exposure of the image plate and constitutes the second step of the CR imaging 

cycle. A red laser beam scans the photostimulable screen stimulating the emission 

of blue light photons under the excitation of the laser beam. When the detective 

layer of the IP is scanned pixel by pixel with a high-energy laser beam of a specific 

wave length, stored energy is set free as emitted light having a wave length 

different from that of the laser beam (Korner, 2007). This triggers the process of 

photostimulated luminescence (PSL) resulting in the emission of blue light in an 

amount proportional to the original X-Ray irradiation (Rowlands, 2002) and setting 

free the excited electrons to their lower energy level (Figure 2 c-d). This light is 

collected by photodiodes and converted into electric charge while an analog-to-

digital device converts it into a corresponding digital image. Figure 3 shows the 

SPS scanning process. 
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Figure 3 - SPS scanning process 

 

 

Finally the third step of the basic CR imaging cycle is the Residual Signal 

Erasure. Residual latent image electrons are still trapped on higher energy levels 

after readout. This energy is erased after the readout process using a high-

intensity white light source that flushes the traps without reintroducing electrons 

from the ground energy level (AAPM, 2006). 

 

1.1.2. Digital Radiography (DR) 

 

Digital Radiography (DR) flat-panel systems with integrated readout 

mechanisms were introduced in the market by the end of the 1990s (Kotter, 2002). 

Flat-panel systems, also known as large area X-Ray detectors, integrate an X-Ray 

sensitive layer and an electronic readable system based on TFT arrays. Detectors 

using a scintillator layer and a light-sensitive TFT photodiode are called indirect 

conversion TFT detectors. Those using an X-Ray sensitive photoconductor layer 

and a TFT charge collector are called direct-conversion TFT detectors (Kotter, 

2002). The reference to amorphous silicon (a-Si), which is used in TFT arrays to 

record the electronic signal, should not be confused with amorphous selenium (a-

Photo
detector
Photo

detector
Photo

detector

Analog electronics

Analog-to digital
conversion



Part I – Theoretical foundations 

 20 

Se) the material used to capture X-Ray energy in a direct digital detector. The 

structure of a DR flat-panel system is shown in figure 4. 

 

Electronic control
Triggers the switching diodes

Photodiode or charge collector
Converts x-rays to light 
or to electric charges

TFT array
Collects charges from the upper 
layer

Switching diodes
Connects each pixel to readout device

in

out

Analog-to digital
conversionMultiplexer

Readout the electronic signal  
Figure 4 - Flat-panel structure 

 

This electronic readable system allows an active readout process, also 

called active matrix readout, in opposition to the storage phosphor systems where 

no active readout elements are integrated within the detector. The entire readout 

process is very fast, allowing further developments in digital real-time X-Ray 

detectors (Kotter, 2002). 

TFT arrays (figure 5) are typically deposited onto a glass substrate in 

multiple layers, with readout electronics at the lowest level, and charge collector 

arrays at higher levels. Depending on the type of detector being manufactured, 

charge collection electrodes or light sensing elements are deposited at the top 

layer of this “electronic sandwich” (Culley, 2000).  



Part I – Theoretical foundations 

 21 

In

Out Analog-to digital
conversion

TFT switch
+

TFT Array

photodiode
or

charge collector

 
Figure 5 - TFT Array 

 

The advantages of this design include compact size and immediate access 

to digital images. The performance of DR systems greatly exceeds the 

performance of CR systems, which have conversion efficiencies of 20% to 35%, 

and of screen-film systems for chest radiography, which have nominal conversion 

efficiencies of 25% (Culley, 2000). 

 

Large area direct conversion systems 

 

Large area direct conversion systems use amorphous selenium (a-Se) as 

the semiconductor material because of its X-Ray absorption properties and 

extremely high intrinsic spatial resolution (Kotter, 2002; Culley, 2000). 

Before the flat-panel is exposed to X-Rays an electric field is applied across 

the selenium layer. Then the X-Ray exposure generates electrons and holes within 

the a-Se layer: the absorbed X-Ray photons are transformed into electric charges 
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and drawn directly to the charge-collecting electrodes due to the electric field. 

Those charges - proportional to the incident X-Ray beam - are generated and 

migrate vertically to both surfaces of the selenium layer, without much lateral 

diffusion. At the bottom of the a-Se layer, charges are drawn to the TFT charge 

collector, where they are stored until readout. The charge collected at each 

storage capacitor is amplified and quantified to a digital code value for the 

corresponding pixel. During the readout, the charge of the capacitors of every row 

is conducted by the transistors to the amplifiers. 

 

Large area indirect conversion systems 

 

Large area indirect conversion systems use cesium iodide (CsI) or 

gadolinium oxisulphide (Gd2O2S) as an X-Ray detector. The scintillators and 

phosphors used in indirect-conversion detectors can be either structured or 

unstructured (figure 6). Unstructured scintillators scatter a large amount of light 

and this reduces spatial resolution (Samei, 2003a). Structured scintillators consist 

of phosphor material in a needlelike structure (the needles being perpendicular to 

the screen surface). This increases the number of X-Ray photon interactions and 

reduces the lateral scattering of light photons (Samei, 2003a). 

 

unstructured structuredunstructured structured  
Figure 6 – Schematic of an unstructured (left) and structured cintilator (right) 
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When the scintillator layer is exposed to X-Rays the beam is absorbed and 

converted into fluorescent light. At a second stage that light is converted into an 

electric charge by means of an a-Si photodiode array (Chotas, 1999).  Indirect 

conversion detectors are constructed by adding an a-Si photodiode circuitry and a 

scintillator as the top layers of the TFT sandwich. These layers replace the X-Ray 

semiconductor layer used in a direct conversion device (Culley, 2000). The active 

area of the detector is divided into an integrated array of image elements – the 

pixel – and each element contains a photodiode and a TFT switch available for the 

readout process. 
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Chapter 2: Technical considerations concerning digital 
technologies 

 

The transition from traditional SF systems to digital technology-based 

systems highlights the importance of discussing technical factors such as image 

acquisition, the management of patient dose and diagnostic image quality. 

Radiographers should be aware of these aspects concerning their clinical practice. 

New digital technologies require an up-to-date of scientific knowledge concerning 

their use in projection radiography. 

In this chapter, technical considerations concerning digital technologies will 

be provided. 

 

2.1 Equipment and Technique 

 

Radiologic equipment characteristics and the use of good radiographic 

technique are two important issues underlying the quality of a radiographic image 

and dose limitation. These are important technical aspects to be considered by 

radiographers. A literature review is further provided in this topic. 

 

2.1.1. X-Ray production and X-Ray tube 

 

An X-Ray tube is a sealed glass envelope from which air has been 

evacuated to provide a vacuum environment. Inside the X-Ray tube there are two 

general structures: the anode and the cathode (Beutel, 2000). 

The anode is the positively charged pole (positive electrode) of the high-

voltage circuit inside the tube. This structure is usually formed of a block of cooper 
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from one end to the middle of the X-Ray tube and is connected to a rotor which 

allows the anode to rotate freely inside the sealed glass envelope (Beutel, 2000). 

A circular disc plate of tungsten is set at the anode faced to the cathode where the 

negative charges (electrons) attracted from the cathode collide. 

The cathode is the negative electrode of the X-Ray tube and contains a 

tungsten filament in the form of a coil. When the filament is heated by an electrical 

current it releases a number of negative charges (electrons) that are attracted to 

the anode producing electromagnetic radiation (X-Rays). 

Figure 7 shows a schematic diagram of simple X-Ray tube and beam. 

 

 

Figure 7 – X-Ray tube diagram and beam 

 

When a very high electrical potential (kV) is applied across the cathode and 

anode, the generated electrons in the cathode’s tungsten filament are accelerated 

and attracted towards the tungsten target present at the anode. The generated X-

Ray beam quality will be dependent from the applied energy (electrical potential 

applied - kV) and the number of electrons produced per second (product of tube 

electrical current and exposure time – mA.s). When the electrons hit the anode 
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most of them collide with other electrons and the energy is dissipated in the form 

of heat.  

X-Ray beam is therefore produced by accelerating electrons with a high 

voltage and allowing them to collide with a metal target resulting in a sudden 

deceleration after interaction with the metal target atoms: these X-Rays are the so 

called brehmsstrahlung or "breaking radiation". At the same time, if the electrons 

have enough energy, they can interact with electrons at inner orbitals and ionise 

atoms. During the atomic reorganization, electrons from higher energy states drop 

down to fill the vacancy, emitting X-Ray photons with precise energies determined 

by the electron energy levels. These X-Rays are called characteristic radiation. 

Only about 5% of the energy resulting from the electrons’ impact is emitted from 

the focal spot in the form of X-Rays. 

Adjusting tube voltage and current will have an impact on beam quality and 

consequently in image quality and radiation dose to the patient. 

 

2.1.2. Exposure parameters 

 

The choice of the most adequate radiographic technique to each clinical 

situation involves the selection of the correct exposure parameters. Exposure 

parameters influence and determine the quantity and quality of the X-Ray beam. 

It’s the radiographer’s responsibility to adequately select exposure technical 

parameters excepting those related to particular equipment characteristics 

(Bushong, 2001). 

The four main exposure parameters are tube potential (kV), tube intensity 

(mA), exposure time (s) and focus-to-detector distance. Exposure time and tube 

intensity could be a unique exposure factor: milliapere-seconds (mA.s). To obtain 

a radiographic image the tube potential and exposure time are the most important 

factors to take in account (Bushong, 2001). 
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Adjustment actions of beam quality could be altered by the radiographer 

aiming a particular radiological study and patient characteristics. The modification 

of exposure factors such as the penetrating power of the beam (by adjusting tube 

potential – kV) and the beam quantity (by adjusting the tube current - mA) are 

actions that provide influence in image quality and dose. 

By changing exposure parameters a more penetrating primary beam could 

be obtained increasing tube potential (kV) and thus the quality of X-Rays 

produced. This action provides a better penetration of the X-Ray beam in tissues 

leading to reduced scatter radiation and thus lower absorbed dose to the patient. 

Patient dose will generally be lower at high tube potentials and a 

compromise must be sought in order to use the highest tube potential (kV) 

possible. This action leads to reduction of dose to the patient at the lowest 

possible level, without reducing the image contrast to an unacceptable level 

(Bushong, 2001). 

Lowering exposure time may also improve image quality affecting positively 

both ESD and effective dose. As an alternative keeping the same mA.s by 

increasing the mA and reducing exposure time (s) is an option. This also may yield 

image quality improvements by reduction of motion blurring due to shorter 

exposure time (IAEA, 2004). 

 

2.1.3. Collimation and field size  

 

Collimation restricts the useful X-Ray beam to the part of the body being 

examined. Adjustable light locating collimators are the most frequently used and 

they restrict beam size protecting adjacent tissue from unnecessary exposure. 

Collimation also reduces scatter radiation and thus improves image contrast 

resolution (Bontrager, 2001). Using the tightest collimation possible a smaller 
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volume of patient’s tissues will be irradiated and hence a lower dose received 

(Martin, 2003). 

Field size is probably one of the most important factors which cause 

exposure variation in tissues dose. It is essential that all examinations should be 

carried out considering the need of keeping the field size to the minimum possible 

area (Engel-Hills, 2006). Field size collimation has an effect in image quality and 

dose. It is related to dose-area product (DAP) measure and this will be further 

discussed. 

 

2.1.4. Source to image-detector distance  

 

Source to image-detector distance (SIDD) is a determinant factor 

concerning beam intensity that achieves the detector. Radiation intensity achieving 

the detector follows the inverse square law. According to this mathematical 

principle, radiation intensity decrease is inversely related to the square of the 

distance from the source (Bushong, 2001). 

Inverse square law mathematical expression is (Bushong, 2001): 
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where I1 is the intensity at distance d1 from the source and I2 is the intensity 

at distance d2 from the source. 

Usually SIDD is higher than 100 cm in standard radiological examinations 

but in the case of chest radiography the distance should be 180 cm in order to 

improve image detail by reducing geometric sharpness. An appropriate SIDD is 

essential to improve geometric sharpness. Short SIDD will result in unacceptable 

geometric unsharpness and dose increase. By choosing a correct SIDD an 
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improvement of spatial resolution (sharpness) and lower dose to the patient will be 

achieved. This means that SIDD will affect detector exposure and image quality. 

 

2.1.5. Anti-scatter grid  

 

Anti-scatter grids are generally used when particular body areas are 

exposed (e.g. lumbar spine). Areas with high absorption producing a high level of 

scattered radiation that leads to image quality deterioration with respect to signal-

to-noise ratio and contrast (Uffmann, 2009) require the use of anti-scatter grid. The 

grid is placed inside the bucky between the patient and the detector. Grid design 

allows a high percentage of primary radiation to pass to the detector while 

absorbing a high percentage of scattered radiation.  

The grid with low atomic number interspace material, and a 12:1 grid ratio, 

gave the highest values of signal-to-noise improvement factor for all scatter 

conditions (Court, 2004). 

Dose reduction varies with irradiation conditions and is generally larger at 

lower tube potentials, higher grid ratios and lower strip densities. A typical 

reduction in mean absorbed dose in the patient is 30% in an adult lumbar spine 

(AP view) at 70 kV with a grid with 36 strips per centimetre and ratio 12 

(Sandborg, 1993). 

Uffmann (2009) states that CR and DR systems represent area detectors 

that are vulnerable to scatter effects. For that reason general practice is that anti-

scatter grids are used in applications similar to those in conventional radiography 

(e.g. upright chest radiography, radiographs of the spine, pelvis and limbs).  
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2.1.6. Beam filtration 

 

Beam filtration can contribute for an ESD reduction to the patient (Kohn, 

1988). Additional filtrations exceeding 4 mm Al allows a significant reduction of 

nearly 50% of doses (Staniszewska, 2000). Chest radiographs obtained in a 

Digital Radiography (DR) system with copper (Cu) filtration were of similar image 

quality as radiographs obtained without copper filtration and a patient dose 

reduction of 31% was estimated with Monte Carlo calculations (Hamer, 2005). 

Experimental studies using phantoms confirms that ESD could be significantly 

reduced in a CR system when using beam filtering (Lança, 2008b). 

 

2.2 Requirements and advantages of digital technologies 

 

A digital X-Ray detector is the key component of a digital radiography 

system. It has to fulfil several requirements (Chotas, 1999; Neitzel, 2005) 

concerning field size, pixel size, sensitivity, dynamic range, internal noise and 

readout. 

In DR the field or detector size must be large enough for all radiographic 

examinations. Ideally should have an active area of at least 43 X 43 cm to allow 

both vertical and horizontal imaging orientations without detector rotation. In CR 

there are different cassette sizes with standard dimensions for typical plain 

radiography (e.g. 18 X 24 cm; 24 X 30 cm; 35 X 43 cm). These cassettes contain 

the correspondent image plate (IP) which is used for the appropriate region to be 

examined. 

The maximum spatial resolution of an image is defined by pixel size and 

spacing (i.e. the pitch or the distance between centres of pixels). Pixel size affects 

the system resolution and ranges typically from 100-200 µm in CR (depending on 

the cassette detector size) and 127-200 µm in DR detectors. 
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While SF is analogue and thus limited by the maximum optical density that 

the film can produce, digital systems provide pixel intensity changes across the 

image matrix. By using binary numbers digital systems have the ability to 

represent a discrete sampling of the change in intensity of a signal in space and 

there is a direct correspondence between the coordinates in the image and the 

space in the “real world” (Bourne, 2010). 

Sensitivity or latitude must be high enough to allow low-dose operation. 

Digital detectors have higher sensitivity or higher detection efficiency than SF. This 

allows better image quality at all spatial frequencies showing the ability to 

represent both small and large image structures.  

The dynamic range must be enough to cover a wide range of intensities. 

Typically, digital detectors have a dynamic range of 1:10.000 which is considerably 

higher than SF systems (1:30). This wide dynamic range allows the digital systems 

to maximize the number of grey values on the digital image (figure 8). This 

characteristic is key feature concerning exposure errors. A marked reduction of 

repeated radiographs and consequent reduced radiation exposure to the patient 

(Peer, 2001) is a positive consequence of wide dynamic range in digital detectors. 
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Figure 8 - Dynamic Range in digital and SF systems 

 

Internal noise sources must be small enough to preserve image quality. 

These noise sources could be related, for example with the capture element, the 

coupling element, and the collection element of the digital detector (Samei, 

2003a). 

The readout time must be fast enough to allow efficient workflow and this 

will depend on the type of technology: In CR, bigger image plates (IPs) will have a 

slower readout than smaller IPs (e.g. 30-40 seconds); in DR, the readout process 

could take about 1.3 seconds (Körner, 2007). 
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A general system attributes as provided by Samei (2004) are compared in 

Table 2.  

Table 2- General system attributes for CR and DR for radiographic applications 

System attribute CR DR 

System integration Limited Full 

PACS integration Good Excellent 

Image and patient throughput Low High 

Positioning flexibility High Limited 

Replacement for SF radiography Excellent Good 

Ease of use by radiographers Good Excellent 

Post exposure handling Significant Little or none 

Targeted applications and use Portable, general and Bucky positioning Bucky positioning 

Zero frequency DQE (%) 20-40 40-80 

Equivalent X-Ray speed 100-400 200-800 

Frequency with 0.1 MTF (mm-1) 2.6-4.7 3.5-6.2 

Detector element dimension (µm) 100-200 100-200 

Detector element fill factor (%) 100 30-80 

 

These requirements or attributes are very important in digital X-Ray 

technology because they will affect image quality, dose efficiency and workflow. In 

fact, digital technologies for projection radiography can offer several advantages 

when compared to SF systems. 

New developments have been made recently in digital technology. CR 

systems are now available with faster scanning resulting in high throughput 

capability. Portable wireless DR detectors have also recently been introduced, 

allowing an easy remote bedside imaging. In addition, system costs decrease in 

parallel with improved manufacturing yields and lower computer costs. 
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Chapter 3: Management of patient dose 

 

As already stated, the development of an adequate radiographic technique 

involves the management of exposure parameters, patient’s radiation exposure 

and exposure on imaging detector to produce the most accurate diagnosis. This 

should be accomplished with an optimization of exposures and image quality. 

When a new digital system or post processing software is introduced, an 

optimization programme (for radiation dose) and continuing training of health 

professionals should be conducted in parallel (ICRP, 2004). 

In this chapter, a review of exposure to radiation effects will be provided. 

Patient dose concepts and diagnostic reference levels is also presented and 

defined. In addition the management of patient dose concerning exposure 

influence in dose and image representation is discussed. 

 

3.1 Effects of radiation exposure 

 

Interaction of ionizing radiation with matter involves energy absorption, 

mainly by the process of ionization. Radiation energy absorbed in living tissues - 

measured in Gy - initiates physical and chemical reactions, resulting in biological 

changes. Effects of ionizing radiation exposure to humans are identified by 

epidemiologic evidence. Population mean annual effective dose is described in 

several studies (UNSCEAR, 2000; Regulla, 2005). Research in radiobiology has 

shown that radiation can cause potential hazard to exposed individuals, such as 

cancer and other genetic effects. A recent study by Berrington de González (2004) 

estimates that diagnostic use of X-Ray causes an increase of cumulative risk of 

cancer at age of 75. Results from this study estimate the increase of cumulative 

risk resulting from medical use of X-Rays in several European countries: UK 

(0.6%); The Netherlands (0.7%); Switzerland (1%); Germany (1.5%). The goal of 

radiation protection in the radiology department is to prevent and minimize 
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hazards related to radiation exposure. The analysis of radiation risk from 

diagnostic medical exposure requires a detailed knowledge of organ doses, the 

age and sex of patient (ICRP, 2004). 

Biological effects of radiation in cells comprise two categories: deterministic 

and stochastic effects (Martin, 2003). 

Deterministic effects are those in which the severity of radiation exposure 

effect (tissue reaction) increases with increasing dose and for which there is a 

threshold dose. Below this threshold dose no effect is observed, although the 

effect occurs and the severity of the effect increases as the dose increases. Above 

the threshold dose, effect severity increases with dose in a way that it can be 

predicted, although the threshold dose varies from one tissue to another. 

Examples of deterministic effects include cataracts, hair loss, skin erythema and 

dead (Martin, 2003). These effects also are referred to as early effects and involve 

high exposures, which, with the exception of interventional procedures, are 

unlikely to occur in diagnostic radiology (Seeram, 2006). 

Stochastic or probabilistic effects refer to biological effects (induction of 

cancer, radiation carcinogenesis and genetic effects) whose probability increases 

by increasing dose and for which there is no threshold dose. Any dose, as a result 

from individual exposure to radiation, has the potential to cause harm 

independently from exposure and absorbed doses in tissues. Stochastic effects 

obey to the law of chance, thus a single ionizing event may have a probabilistic 

chance to cause radiation damage to DNA. For this reason it is usual to assume 

no threshold dose for stochastic effects. If harm occurs, the damage generally 

becomes apparent several years after the exposure. These effects - also are 

called late effects - could be somatic (as a result from individual exposure in 

adults, children or foetus) or heritable (with impact on future generations by 

hereditary effects). 

Although stochastic effects are regarded by Martin (2003) as the principal 

health risk from low-dose radiation, including exposure in diagnostic radiology, 

Cohen (2002) and Cohen (2007) concludes that evidence shows that Linear No-
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Threshold, theory (related to stochastic effects) fails very badly in the low dose 

region, grossly overestimating the risk from low-level radiation. According to this 

author, this means that the cancer risk from the vast majority of normally 

encountered radiation exposures is much lower than given by usual estimates, 

and may well be zero. 

 

3.2 Patient dose concepts 

 

There are several measures of radiation dose according to the perspective 

of what is to be measured. Radiation dose could be measured from an 

occupational point of view (when related to exposed workers), population 

exposure (related to public in general) or medical exposure (related to exposed 

patients). The risk of exposure to radiation is related to determinist and stochastic 

effects, as already stated.  

The purpose of radiation protection is to keep radiation exposure at the 

lowest levels as practicable, using the ALARP principle. Radiation exposure risk 

should be minimized and this should be guided by the 2 triads of radiation 

protection: radiation protection actions and radiation protection principles (Seeram, 

2006). Radiation protection actions point towards the use of time, shielding and 

distance to protect patients, personnel and the public. Radiation protection 

principles deal with the concepts of justification or positive net benefit, optimization 

and dose limitation. 

Related dosimetric quantities of radiation exposure are quantified in terms 

of radiation dose, such as Absorbed Dose, Equivalent Dose and Effective Dose. 

Several measures of patient related dose are available (Figure 9), such as Dose 

Area Product (DAP) and Entrance Skin Dose (ESD). 
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Figure 9 – Patient dose concepts 

 

Detector Exposure and Exposure Index could be also understood as 

exposure measures related to the patient due to its influence in image quality and 

is related to the delivered dose required for any radiological image. 

A definition of patient dose related concepts will be further provided to 

understand that patient doses can be evaluated by a number of methods and 

expressed as various quantities (ICRP, 2004). 

 

3.2.1. Absorbed dose 

 

The fundamental dosimetric quantity D, defines absorbed dose as (IAEA, 

2004): 
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where εd  is the mean energy imparted by ionizing radiation to matter in a 

volume element and dm is the mass of matter in the volume element. The energy 

can be averaged over any defined volume, the average dose being equal to the 

total energy imparted in the volume divided by the mass in the volume. Absorbed 

dose is defined at a point; for the average dose in a tissue or organ, see organ 

dose. Unit: J/kg, termed the gray (Gy) (formerly, the rad was used). 

 

3.2.2. Equivalent dose 

 

The quantity HT,R, defines equivalent dose as (IAEA, 2004): 

 RTRRT DWH ,, ⋅=  (3.2) 

where DT,R is the absorbed dose delivered by radiation type R averaged 

over a tissue or organ T and WR is the radiation weighting factor for radiation type 

R. When the radiation field is composed of different radiation types with different 

values of WR the equivalent dose is: 

 RTRRT DWH ,⋅=  (3.3) 

The unit of equivalent dose is J/kg, termed the sievert (Sv). The rem, equal 

to 0.01 Sv, is sometimes used as a unit of equivalent dose and effective dose. 

A measure of the dose to a tissue or organ designed to reflect the amount 

of harm caused. Values of equivalent dose to a specified tissue from any type(s) of 

radiation can therefore be compared directly. 
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3.2.3. Effective dose  

 

Effective dose offers a measure of risk to the patient from exposure to 

radiation and represents a convenient indicator of overall exposure in diagnostic 

practice. Effective dose broadly reflect the risks to health of stochastic effects, and 

can be used for comparison purposes (IAEA, 2004). 

Effective dose is derived from the absorbed doses in specific tissues, the 

relative effect of the type and energy of radiation in use, and the relative radiation 

sensitivity for the stochastic health detriments associated with the specific tissues. 

It is an indicator of the increase in probability for stochastic effects later in life for a 

population exposed to the given levels (ICRP, 2000). Effective dose (E) is given by 

the formula (ICRP, 1991; ICRP, 2004): 

 TTT HwE ∑=  (3.4) 

where wT is the tissue weighting factor for a given tissue T and HT is the 

equivalent dose in a tissue. 

Effective dose has been defined as the weighted equivalent dose for all 

organs and tissues in the body (Martin, 2003). It can be obtained from organ 

doses by the sum of weighted organ doses and can be used for comparative 

purposes for individuals undergoing each type of procedure and, taking into 

account the number of procedures, for the estimation of the collective effective 

dose (ICRP, 2001). The SI unit of measurement is the Sievert - Sv (IAEA, 2004). 

Organ doses can be estimated from entrance skin dose (ESD) by using 

appropriate conversion factors to the conditions of the exposure. These 

coefficients can be determined experimentally on physical anthropomorphic 



Part I – Theoretical foundations 

 41 

phantoms or calculated using Monte Carlo techniques to simulate photon transport 

in mathematical phantoms (IAEA, 2004). 

Organ doses and the effective dose cannot be measured directly in patients 

undergoing X-Ray examinations, and they are difficult and time consuming to be 

obtained by experimental measurements using physical phantoms. A Monte Carlo 

program for calculating patients' organ doses and effective doses in medical X-

Ray examinations has been proposed by Tapiovaara (2005). The PCXMC 

program calculates the effective dose with both the present tissue weighting 

factors of ICRP Publication 105 (2007) and the old tissue weighting factors of 

ICRP Publication 60 (1991). The program uses a Monte Carlo method to calculate 

patients' organ doses and effective doses in several organs and tissues. The 

organs and tissues being considered in the program are: active bone marrow, 

adrenals, brain, breasts, colon (upper and lower large intestine), extrathoracic 

airways, gall bladder, heart, kidneys, liver, lungs, lymph nodes, muscle, 

oesophagus, oral mucosa, ovaries, pancreas, prostate, salivary glands, skeleton, 

skin, small intestine, spleen, stomach, testicles, thymus, thyroid, urinary bladder 

and uterus. 

PCXMC is a useful simulation program that can evaluate the incident air 

exposure from the specified examination factors, when also the tube current-time 

product (mA.s) is known. All other data needed for the evaluation such as X-Ray 

tube voltage (kV), total filtration and focus-to-skin distance (FSD), must be 

specified in the examination's input data anyway. A program interface screenshot 

is shown in figure 10. 
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Figure 10 – PCXMC program interface screenshot 

 

3.2.4. Dose Area Product (DAP) 

 

Dose Area Product (DAP) is a common method of measuring patient dose 

for a single exposure or a complete radiologic examination. It can be defined as 

the absorbed dose to air averaged over the area of the X-Ray beam in a plane 

perpendicular to the beam axis, multiplied by the beam area in the same plane 

excluding backscattered radiation (Engel-Hills, 2006). DAP is therefore a product 

of absorbed dose in air without backscatter and the area being exposed to X-Rays 

expressed in Gy*cm2 (ICRP, 2004). DAP measurements or readings will be 

dependent on changes due to altering patient exposure parameters (kV; mA.s; 

exposure time) and field of collimation. Figure 11 shows DAP increasing when 

radiation field is increased and a strong correlation (R2=0.9643) between area 

(cm2) and dose (µGy) is evidenced. 
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In modern radiography systems a DAP meter is mounted in appropriate 

adaptation rails on the radiography unit or in the case of built-in system is installed 

inside the radiography unit and provide an easy connection to a PACS system. 

The DAP meter is a transmission ion chamber that collects the charge 

produced by the X-Rays in the chamber. The ionization chamber is placed 

perpendicular to the central axis of the X-Ray beam and located beyond the X-Ray 

tube and collimators in a location to intercept the entire area of the beam. Despite 

the fact that DAP meter is placed between the X-Ray tube and the patient it will 

not compromise the quality of radiographic image. 

 

3.2.5. Entrance Skin Dose (ESD) 

 

Entrance Skin Dose (ESD) or Entrance Skin Exposure (ESE) is the most 

common of the patient dose measures (Bushong, 2001). This patient related dose 
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measure is used as exposure reference in Europe (CEC, 1996) for several 

radiologic examinations. 

This is a SI unit measure expressed in Gray (Gy) or unit submultiples (mGy; 

µGy). ESD represents the skin patient dose at the centre of the incident X-Ray 

beam. It is the sum of the dose directly from the incident X-Ray beam and X-Rays 

scattered into that area from surrounding and underlying tissue (ISRRT, 1985). 

ESD can therefore be defined as the absorbed dose to air at the centre of the 

beam, including backscattered radiation (Hart, 1994; IAAE, 2004). The patient 

entrance skin exposure during standard radiographic examination can be 

measured directly (using termoluminescent dosimeters – TLD – placed on 

patients’ skin) or, in an alternative way can be estimated by a calculation using the 

exposure factors (kV and mA.s) coupled with measurements of X-Ray tube output 

(Martin, 2003). Due to the difficulty to obtain TLD measures in practical situations 

involving patients ESD estimation is often used as a procedure. 

 

3.2.6. Exposure Index and Detector Exposure 

 

In an attempt to give to the user a feedback about the actual detector dose 

level of a clinical image, most digital systems provide what is called an “exposure 

index” (Uffmann, 2009). In digital imaging systems exposure index (EI) is obtained 

from signals present at the digital image itself, and thus, related to dose achieved 

at the detector.  In other words it indicates how close the actual detector dose is to 

the expected dose. 

The determination of EI, mathematical definition and calibration is not the 

same for all digital detectors. A variety of exposure indicators have been provided 

by different manufacturers (figure 12). For systems now in use the numbers given 

for the EI still refer to different dose quantities for different systems. At the present, 

a broad acceptance of EI is hindered by a multitude of different vendor-specific 
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variants (Uffmann, 2009). Assuming the same exposure at the detector (µGy) a 

different EI value is provided by each manufacturer at different exposure index 

scales: linear scale (Philips; Fuji; Siemens) or logarithmic scale (Kodak; Agfa). 

This inconsistency creates confusion to radiographers and may induce exposure 

errors when working with systems from more than one manufacturer. 
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Figure 12 – Exposure indicators and detector exposure 

 

Recently, the definition of EI was standardised (IEC, 2008) and a linear 

scale was adopted regarding the detector exposure and the exposure index. IEC 

exposure index scale ranges from 125 (1,25 µGy at the detector) to 1000 (10 µGy 

at the detector) and will be the standard EI for all new detectors being 

commercialized in the near future. 

Different combinations of patient constitution and exposure parameters can 

result in the same detected signal at the detector and thus EI value provides a 

composite measure of patient-related features and exposure (Uffmann, 2009). The 

EI obtained from a radiographic image could be a useful feedback indicator to the 

radiographer about the appropriate exposure level in routine clinical practice. 

Results found in studies seem to indicate that EI values are higher than the 

manufacturer’s reference (Lança, 2008a; Peters, 2002). An efficient and effective 

solution to the implementation of a regular EI monitoring program in busy clinical 
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departments is proposed by Ng (2010). According to this author, the dose creep 

problem can be regulated, thus the ALARA principle can be reinforced (Ng, 2010). 

EI represents the actual detector dose level of a clinical image. However, it 

does not replace patient dose related parameters such as dose-area product 

(DAP) or entrance skin dose (ESD). 

Exposure index (lgm) evaluation in a CR system will be an object of study in 

chapters 5 and 6 of this thesis. 

 

3.3 Diagnostic Reference Levels (DRL) 

 

As already mentioned an adequate image quality depends from the use of 

appropriate technical parameters resulting from an exposure optimization process. 

This process should not compromise the diagnostic quality that is necessary to 

provide an accurate radiological diagnosis. Exposure optimization process should 

consider Dose Reference Levels (DRLs). 

DRLs or Reference values (RVs) were first discussed and recommended by 

ICRP publication number 60 (ICRP, 1991) and ICRP publication number 73 

(ICRP, 1996). According to ICRP (1996) DRLs “are a form of investigation level, 

applied to an easily measured quantity, usually the absorbed dose in air, or tissue-

equivalent material at the surface of a simple standard phantom or a 

representative patient”. DRLs do not provide a separating line between good and 

bad practice and they are applied only to medical exposure, not to occupational 

and public exposure. 

In 1996 the Commission of European Communities (CEC) published 

recommendations concerning Quality Criteria for Diagnostic Radiographic Images 

(CEC, 1996). These recommendations or Guidelines define diagnostic 

requirements for a normal, basic radiograph, specifying anatomical image criteria 
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and important image details; indicate criteria for the radiation dose delivered to the 

patient and give an example for good radiographic technique by which the 

diagnostic requirements and the dose criteria can be achieved (CEC, 1996). 

In Europe, DRLs are well established providing an important experience of 

more than 15 years. Several European countries have already incorporated in 

their national legislation these recommendations and the European directives on 

radiation protection. In Portugal, the European Directive 97/43/Euratom is already 

incorporated in Portuguese legislation as well as the European Guidelines 

recommendations (Portugal, 2002). Decree-Law no. 180/2002 defines DRLs as 

"dose levels in medical radiodiagnostic practices or, in the case of 

radiopharmaceuticals, levels of activity for typical examinations for groups of 

standard-sized patients or standard phantoms for broadly defined types of 

equipment." 

The application of DRLs in European countries showed a 30% decrease in 

patient exposures for these radiographic projections in England in a 10-year period 

(Hart, 2002). 

In United States DRLs (or RVs) concept is quite new and the American 

College of Radiology developed a practice guideline only in 2002 (ACR, 2008; 

Gray, 2005). 

According to Seeram (2006), the following could summarize existing ICRP 

guidelines for DRLs (ICRP, 1996): 

• DRL is an advisory, not a regulatory, measure. It is not related to dose 

limits established for radiation workers and members of the public; 

• DRL is intended to identify high levels of radiation dose to patients; 

• DRL applies to common examinations and specific equipment; 

• Dose quantities and techniques should be easy to measure (e.g. the 

entrance skin exposure); 
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• DRL selection is by professional medical bodies, using a percentile point 

on the observed distribution for patients, and specific to a country or 

region. 

As noted by ICRP, the objective of a DRL "... is accomplished by 

comparison between the numerical value of the diagnostic reference level (derived 

from relevant regional, national or local level) and the mean or other appropriate 

value observed in practice for a suitable reference group of patients or a suitable 

reference phantom" (European Commission 1997). 

Table 3 provides the radiographic technique recommendation according to 

CEC guidelines. 

Table 3- Example of radiographic technique and criteria for dose radiation to the patient 
(ESD) as provided by CEC guidelines 

Region Projection Radiographic technique ESD (mGy) 

Tube potential (kV) 70-85 
*FDD (cm) 115 (100-150) PA 
Exposure Time (ms) <100 

5 

Tube potential (kV) 70-85 
FDD (cm) 115 (100-150) 

Skull 

Lateral 
Exposure Time (ms) <100 

3 

Tube potential (kV) 125 
FDD (cm) 180 (140-200) PA 
Exposure Time (ms) <20 

0,3 

Tube potential (kV) 125 
FDD (cm) 180 (140-200) 

Chest (lungs 
and heart) 

Lateral 
Exposure Time (ms) <40 

1,5 

Tube potential (kV) 75-90 
FDD (cm) 115 (100-150) AP 
Exposure Time (ms) <400 

10 

Tube potential (kV) 80-95 
FDD (cm) 115 (100-150) Lateral 
Exposure Time (ms) <1000 

30 

Tube potential (kV) 80-100 
FDD (cm) 115 (100-150) 

Lumbar spine 

Lumbo-
sacral joint - 
Lateral Exposure Time (ms) <1000 

40 

Tube potential (kV) 75-90 
FDD (cm) 115 (100-150) Pelvis AP 
Exposure Time (ms) <400 

10 

Tube potential (kV) 75-90 
FDD (cm) 115 (100-150) Abdomen AP 
Exposure Time (ms) <200 

10 

*FDD (Focus-Detector Distance) 
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Examples of radiographic technique (tube potential, focus detector distance 

and exposure time) and criteria for dose radiation to the patient (ESD) as provided 

by CEC guidelines (CEC, 1996) in 5 different anatomic regions and respective 

radiological projections are presented in the table. 

 

3.4 Exposure influence in dose and image representation  

 

Radiographic exposure has a direct influence in image quality 

representation and dose delivered to the patient in a simple radiographic 

examination. Diagnostic accuracy could be affected by inadequate exposure and 

thus an appropriate exposure level should be achieved. 

Figure 13 shows an example of a normal exposed chest digital radiograph 

(13a) and a hiperexposed radiograph (13b). The normal exposed image histogram 

evidences a normal image contrast and the expected anatomical information 

contained along the whole grey level range. On the other hand the hiperexposed 

image histogram evidences a low contrast image and thus the lost of important 

anatomical information due to pixel saturation. The peak is biased toward the dark 

end of the grey scale showing a low dynamic range. The pixel counts (or pixel 

frequency) at the histogram are also low when compared to the normal exposed 

image. 

This example highlights the importance of an adequate exposure and its 

influence in digital image representation. 
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Figure 13 – Chest digital radiographs and histogram: normal (a) and hiperexposed (b) 

 

Exposure optimization should contribute to protect patients from 

unnecessary exposures and ALARP (As Low As Reasonable Practicable) principle 

should be always kept in mind. This is an important principle because in digital 

radiology – both CR and DR - examinations can be performed over a wide range 

of doses and the lower noise images are obtained with higher doses (ICRP, 2004). 

DR technology based on solid state detectors can achieve a dose reduction 

in chest and skeletal radiography of up 33% to 50% without loss of image quality 

when compared with a traditional screen-film radiography system (Strotzer, 2002; 

Völk, 2004) due to its high detective quantum efficiency and wide dynamic range. 

In the field of thoracic and skeletal radiography flat-panel detectors have the 
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potential for dose reduction compared with conventional screen-film (SF) systems 

with the same imaging quality (Strotzer, 1998a). 

In a study comparing radiation dose delivered to patients undergoing clinical 

chest imaging in three different detector technology significant differences in the 

patient radiation dose were found (Bacher, 2003). Flat-panel detector radiography 

system allowed an important and significant reduction in both entrance skin dose 

and effective dose compared with the SF radiography (x 2.7 decrease) or 

computed radiography (x 1.7 decrease) system. In addition, image quality 

produced by the flat-panel detector radiography system was significantly better 

than the image quality produced by the SF or computed radiography systems, 

confirming that the dose reduction was not detrimental to image quality (Bacher, 

2003). 

With a reduction in exposure time which is possible in CR systems rather 

than in SF systems, the CR systems will be able to produce quality diagnostic 

images with less patient dose than SF systems (Al Khalifah, 2004). These results 

were recently confirmed in a study where digital techniques allowed diagnostically 

adequate images to be obtained with substantially lower patient doses than used 

for SF radiography (Vaño, 2007). 
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Chapter 4: Image quality in diagnostic radiology 

 

Digital detectors are often cited as offering higher sensitivity, lower intrinsic 

noise and greater dynamic range rather than traditional SF systems (Neitzel, 

2005). Beyond the characteristics of detectors, the imaging capabilities of digital 

systems are also determined by signal processing, digital image post-processing 

and documentation (Busch, 2004). Thus, image quality in digital detectors plays an 

important role in digital radiology. 

In this chapter an overview of methods for quality evaluation of diagnostic 

imaging procedures will be provided. Digital image representation and primary 

physical image quality parameters will be also discussed, including objective 

image quality measurements and observer performance methods. 

 

4.1 Digital image representation 

 

Digital images could be represented both in spatial and frequency domains 

(Bourne, 2010). The spatial domain refers to a digital image representing distance 

or position in space. It could be also understood as image representation in a 

matrix of grey level intensities in a 2-dimensional (2D) spatial plane. The frequency 

domain refers to the rate of change of intensity in an image in terms of sinusoidal 

intensity profile. 

A brief description about spatial and frequency domains representation 

within image processing and grey level representation is given in this topic. 
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4.1.1. Spatial domain representation 

 

A radiograph is a spatial representation of an object in a two dimensional 

area of varying exposure intensity. The monochrome radiographic image is a 2D 

light intensity function, ƒ(x, y), where x and y are spatial coordinates and the value 

ƒ at (x, y) is proportional to the brightness of the image at that point (Petrou, 1999). 

The image is often represented by a 2D integer array, or a series of 2D 

arrays, one for each colour band. The digitized brightness value is called the grey 

level value (Petrou, 1999). The value of ƒ at any spatial coordinate (x,y) gives the 

intensity, or degree of lightness/darkness of the image at that point (Oakley, 2003). 

The mathematical representation for a digitized image function is 

(Gonzalez, 2004): 
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with 0 ≤ ƒ(x,y) ≤ L, and typically L=4095. Each square element of the 2-

dimensional array is called PIXEL (picture element). As an example figure 14 

shows a 10X10 image matrix showing rows and columns and pixel representation 

at a point (x,y) of the matrix. 
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Figure 14 – M x N matrix representation 

 

A digital image contains M x N pixels represented by a M x N matrix, where 

M and N gives the number of rows (M) and columns (N) present in the matrix. 

Each pixel is normally a rectangular region – elementary cell of the grid – and the 

value associated with the pixel must represent the exposure at that point. 

A pixel image representation is shown in figure 15. The figure shows an 

extreme close-up view of a small region of pixels in the target image. 
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Figure 15 – Pixel image representation 

 

The chosen target in this example is located slightly above the 

cardiophrenic angle of the right lung. The numeric value of each pixel inside the 

small rectangle chosen area is shown and it is represented at pixel values around 

1800. 

4.1.2. Frequency domain representation 

 

As already stated a digital radiograph is a spatial representation of an object 

in a two dimensional area of varying exposure intensity. The image represented in 

the spatial domain could be transformed into a different representation: the 

frequency domain. The utility of working in frequency domain is that it is possible 

to transform the original raw data and perform certain image measurement and 

processing operations without loss of information or introduction of noise (Bourne, 

2010). Many of these same operations can be performed in the original image 

(spatial domain) only with significantly greater computational effort. 
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A simple spatial frequency concept is described using a simple 

mathematical expression (Bourne, 2010): 

 I=sin(ω x) (4.2) 

 

where I is the intensity, x is the distance across image and ω  is the spatial 

frequency. The concept of spatial frequency as expressed in equation 4.2 

describes the rate of intensity in an image of a sinusoidal profile ranging from -1 

(black) to +1 (white). Any image can be described as the sum of a series of x and y 

direction sinusoids. Spatial frequency is expressed as the number of cycles/mm: a 

10 cycles/mm spatial frequency describes a better capability of a digital system to 

reproduce an object when compared to a system limited at 5 cycles/mm. This 

representation is very useful to provide digital detector quantitative measures such 

as those we have used to characterize digital detectors (further described in 

chapters 5 and 6 of this thesis). 

The conversion between spatial and frequency domains requires the use of 

Fourier transforms. The use of a 2D Fourier transform converts an image into its 

spatial frequency equivalent in the spatial frequency domain. The Fourier 

transform of an image is an exact representation of the image and no information 

is lost in the process of Fourier transformation. 

By convention, 2D Fourier spectra is a display as a function of frequency 

where the lower spatial frequencies are represented at the centre of the spectrum 

and the higher frequencies are represented along the x and y axis of the spectrum. 

As an example figure 16b shows a 2D Fourier Transform (FT) spectrum of a chest 

radiograph (figure 16a) using ImageJ, a Java-based image processing and 

analysis program (freely available from ImageJ website http://rsbweb.nih.gov/ij/). 

The spectra show a broad range of spatial frequency data related to 

horizontal and vertical directions of the image (figure 16b). 
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Figure 16 – 2D Fourier Transform (FT) and Inverse Fourier Transform (IFT) of a chest 

radiograph 

 

When filtering the image in the frequency domain (figure 16c) it is possible 

to transform the spectra into a spatial domain image by using an Inverse Fourier 

Transform (IFT) (figure 16d). In this example, the filtered image provides a better 

visualization of lung parenchyma - with less noise - suiting a better diagnostic 

purpose. 
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4.1.3. Grey level representation 

 

Digital radiographs are composed of pixels presenting different shades of 

grey and each pixel represents the grey level at a single point in the image.  

A digital radiograph image is made up of pixels each of which holds a single 

number corresponding to the grey level of the image at a particular location. Grey 

levels cover the full range of shades of grey from black to white in a series of very 

fine steps, normally 4096 different shades of grey. 

Assuming 4096 grey levels, each black and white pixel can be stored in a 

single byte (8 bits) of memory. This means that binary images use only a single bit 

to represent each pixel. Figure 17 shows the same image at different grey levels 

and the respective histogram. Information extracted from the image intensity 

histogram shows the distribution of grey levels present each image. Note that in 

4096 grey levels image (17a) anatomical structures are visible and the histogram 

shows a distribution of different shades of grey. In binary images (17b) anatomical 

information may be unveiled only by shape. Grey levels are only two (black and 

white) and they are located at respective histogram peak ends. 
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Figure 17 – Digital radiographic image and histogram: 4096 grey levels (a) and binary (b) 

 

As a consequence of large dynamic range and the linear relation between 

pixel values and exposure it is extremely difficult to the human observer to 

establish a visual correlation between image appearance (brightness or 

blackening) and radiation exposure. Digital image processing algorithms provide a 

capability of image manipulation (ICRP, 2004) and an example of a function called 

“windowing” is provided in figure 18.  
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Figure 18 – Window level (WL) and window width (WW) function: 4096 grey levels image 

 

In this example window level (WL) and window width (WW) function for a 12 

bit image (4096 grey levels) is given using image histogram to show the 

distribution of grey levels present at the image. A combination of three different 

WW and WL are displayed using the same chest radiograph image. 

The mid image represents WW and WL function covering all grey levels 

present at the image histogram (WW=2680; WL=1933). This image windowing 

provides the visualization of all anatomical structures in the radiograph. This could 
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be considered the ideal windowing for this image. The top image shows a different 

windowing and image display result covers only part of pixel range provided by the 

histogram. In this case a narrow WW (WW=1389) and a low WL (WL=1243) were 

chosen. The image looks like “underexposed” and anatomical information is 

missed. The image shown at the bottom of figure 18 also covers only part of pixel 

range. In this case it looks like an overexposed radiograph. Note that WW and WL 

are adjusted to the most dark areas of histogram (WW=1195; WL=2755). 

 

4.2 Image quality evaluation 

 

Image quality could be evaluated combining the physical characteristics of 

the imaging system, the overall system performance and observer performance 

studies (Tingberg, 2000). However, a recent review (Tapiovaara, 2006) states that 

the relationship between the results of physical measurements, phantom 

evaluations and clinical performance is not fully understood. 

Table 4 shows a wide spectrum of methods for image quality evaluation 

(Tingberg, 2000). Some of these methods are focused on the physical 

characteristics of the imaging systems and others on subjective assessment of 

image quality; some are used for the whole imaging chain including the human 

observer (observer performance) while others are used for parts of the system 

(typically physical measurements). 
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Table 4 – Methods for quality evaluation of diagnostic imaging procedures 

Level of ambition Investigation Measurement 

Lowest Radiographic technique • Equipment characteristics 
• Exposure parameters 

 Primary physical characteristics 

• Contrast 
• Spatial resolution (MTF) 
• Noise (WS) 
• Signal-to-noise ratio (SNR) 

 Overall system performance 
• DQE 
• Image quality index (IQI) 
• Contrast-detail resolution 

 Images of anthropomorphic 
phantoms 

• ROC 
• ROC related methods 
• Visual grading analysis (VGA) 

Highest Images of patients 

• ROC 
• ROC related methods 
• Visual grading analysis (VGA) 
• Image criteria (IC) 

 

This leads to the discussion about image quality concept in diagnostic 

radiology. This concept could be virtually understood as a good quality image that 

fulfils its diagnostic purpose and comprises several methods for image quality 

evaluation. A good quality image is of major importance to assure an accurate 

diagnosis and this is - in general – determined by three primary physical image 

quality parameters (Jessen, 2004): contrast, spatial resolution and noise. These 

quality parameters can be evaluated by objective image quality measurements 

such as signal-to-noise ratio (SNR), modulation transfer function (MTF) and 

Wiener spectra (WS).  Together they form a basis for the description of image 

quality (figure 19) which encompasses the three primary physical image quality 

parameters (Marsh, 2001). 
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Figure 19 - Image quality triangle: relationships between image quality parameters and 

physical image measurements 

 

These factors contribute for the measurement of the Detective Quantum 

Efficiency (DQE) which is well established as the most suitable parameter for 

describing the imaging performance of a digital X-Ray imaging device (IEC, 2003; 

Ranger, 2007). DQE is the measure of the combined effect of the noise and 

contrast performance of an imaging system, expressed as a function of object 

detail. DQE combines spatial resolution (i.e. MTF) and image noise (i.e. WS) to 

provide a measure of the SNR of the various frequency components of the image 

(Chotas, 1999). 

 

4.2.1. Primary physical image quality parameters  

 

Contrast is defined as a measure of the relative brightness difference 

between two locations in an image (Cunningham, 2000). Contrast (characteristic) 

curve has a typical S-shape for a SF system but in digital systems the 

characteristic curve is generally linear. SF systems have a characteristic curve that 
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is in relation with the logarithm of incident intensity, while digital systems measure 

their characteristic response directly with respect to exposure (rather than the log 

of exposure as with film) (Dobbins, 2000). If the user is not properly trained, there 

is an obvious risk that the patient exposure can be unnecessarily high since a 

digital detector does not set the limit as film does with respect to film blackening 

(Tingberg, 2000; Jessen, 2004) and thus the risk of over or underexposure could 

be present. 

The spatial resolution concept refers to the ability of the system to represent 

distinct anatomic features within the object being imaged (Samei, 2003b). It could 

be defined as the ability of the system to distinguish neighbouring features of an 

image from each other and is related with sharpness. Sharpness of an image is 

related to (a) the intrinsic sharpness of the detector employed; (b) the subject 

contrast, as determined by object characteristics, beam quality, and scatter, as 

well as the blur caused by the finite size of the X-Ray focal spot; and (c) the 

patient motion during the acquisition (Samei, 2003a). The sharpness of an imaging 

detector or system is best characterized in terms of its MTF. 

Noise arises from a number of sources - such as quantum and electronic 

noise - that produces random variations of signal that can obscure useful 

information in a diagnostic image. Random noise means fluctuations of the signal 

over an image, as result of a uniform exposure, and can be characterised by the 

standard deviation of the signal variations over the image of a uniform object. 

Wiener Spectrum  (WS) has to be used to get a more complete description of the 

spatial correlation of the noise: it measures the noise power as a function of spatial 

frequency (Dobbins, 2006). Noise is a major limiting factor in object detection 

because it remains constant in a given system unless dose is increased. The 

noise in images is recognized as an important factor in determining image quality. 

Image noise may be characterised by the WS - or noise power spectrum (NPS). 

WS provide the means of characterizing image noise and play a central role in the 

ultimate measure of image quality (Hanson, 1998).  
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4.2.2. Objective image quality measurements 

 

Physical measurements of signal-to-noise ratio (SNR), modulation transfer 

function (MTF) and Wiener spectra (WS) form together a basis for the description 

of image quality which encompasses the three primary physical image quality 

parameters (Marsh, 2001). Establishing a complete characterization of the 

physical properties of the digital image system requires the determination of MTF, 

SNR, WS and DQE (Buades, 2006). 

Unlike analogical screen-film detectors, which are contrast limited in 

operation, digital acquisition devices are signal-to-noise ratio limited, which means 

that the image quality is usually dependent on the quantum statistics of the image 

formation process combined with contrast and spatial resolution enhancement 

methods (Samei, 2004). 

As already stated, DQE is the measure of the combined effect of the noise 

and contrast performance of an imaging system, expressed as a function of object 

detail. 

The MTF is a measure of the ability of an imaging detector to reproduce 

image contrast from subject contrast at various spatial frequencies (Samei, 

2003b). In other words MTF represents how well an imaging system reproduces 

high contrast objects of varying size in the resulting image, and therefore 

represents the relationship between contrast and spatial resolution (Marsh, 2001). 

Blurring and unsharpness introduced by the imaging system results is higher 

spatial frequencies not being transmitted as well as lower spatial frequency 

information. As a result, the MTF progressively decreases with increasing spatial 

frequency (Lawinsky, 2005). 

The SNR represents the relationship between contrast and noise in an 

image for large scale objects (Marsh, 2001). While signal sensitivity (contrast) and 

image noise properties are important by themselves, it is really the ratio between 

them that carries the most significance and constitutes the most significant 
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indicator of image quality (Tingberg, 2000; Dobbins, 2000). This relation shows 

that SNR needs to be a ratio of about 5:1 for a reliable detection by human 

observers (Dobbins, 2000). In digital X-Ray systems, as noise decreases and SNR 

increases, object detection increases very rapidly. 

The WS represents the noise power in an image as a function of spatial 

frequency. It therefore represents the relationship between noise and spatial 

resolution (Marsh & Malone, 2001). WS (or NPS) may be understood in several 

but equivalent ways (Dobbins, 2000): it may be thought of as the variance of 

image intensity (i.e. image noise) distributed among the various frequency 

components of the image; or may be pictured as the variance of a given spatial 

frequency component in an ensemble of measurements of that spatial frequency.  

Further explanation about the methods to characterize physical properties 

of the digital image systems will be provided in methodology chapter. 

 

4.2.3. Observer performance methods 

 

Observer performance methods could be grouped in two categories 

(Tingberg, 2000): observer performance methods based on lesion detection; and 

observer performance methods based on visibility of anatomical structures. Both 

methods are used to evaluate the whole imaging chain and give a measure of the 

clinical image quality of an imaging system. 

The first category includes the methods used to detect lesions either in real 

patients or in phantoms: receiver operating characteristic (ROC) analysis and 

ROC related methods, such as free-response ROC (FROC), alternative free-

response ROC (AFROC) and free-response forced error (FFE). ROC analysis 

offer several advantages as a measure of the accuracy of a diagnostic test 

(Obuchowski, 2003): (a) it includes all possible cut points (or decision levels), (b) it 

shows the relationship between the sensitivity of a test and its specificity, (c) it is 
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not affected by the prevalence of disease, and (d) from it we can compute several 

useful summary measures of test accuracy (e.g., ROC curve area, partial area). 

These methods were found to be in good agreement with one another 

(Chakraborty, 1990). ROC analysis provides the most comprehensive description 

of diagnostic accuracy available to date (Metz, 2006). Examples of diagnostic-

accuracy measures include percent correct, sensitivity and specificity, and ROC 

curves. Of these, ROC curves provide the most comprehensive description, 

because they indicate all of sensitivity and specificity combinations that a 

diagnostic test is able to provide as the test’s ‘‘decision criterion’’ is varied (Metz, 

2008). 

Important concepts are involved in the correct use and interpretation of 

ROC analysis, such as ROC curves: parametric and nonparametric methods, the 

area under the ROC curve (AUC) and its 95% confidence interval, the sensitivity at 

a particular false positive rate, and the use of a partial area under the ROC curve 

(Park, 2004). 

When considering the results of a particular test in two populations - one 

population with a disease (positive test), the other population without the disease 

(negative test) - it is very rare to observe a perfect separation between the two 

groups. Indeed, the distribution of the test results will overlap, as shown in figure 

20. 

 

Figure 20 – Decision threshold setting and group distribution 
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For every possible cut-off point being selected to discriminate between the 

two populations, there will be some cases with the disease correctly classified as 

positive (TP = True Positive fraction), but some cases with the disease will be 

classified negative (FN = False Negative fraction). By opposition, some cases 

without the disease will be correctly classified as negative (TN = True Negative 

fraction), but some cases without the disease will be classified as positive (FP = 

False Positive fraction). 

The different fractions (TP, FP, TN, FN) are represented in the following 

two-by-two contingency table (table 5). 

 

Table 5 – Two-by-two contingency table for the comparison between results of a test 
(radiologic examination) and the disease (reference standard) 

    Disease (reference standard) 

    Present n Absent n Total 

Positive TP a FP c a+c 

Negative FN b TN d b+d 
Test 

(radiologic 
examination( Total  a+b  c+d  

 

A ROC graph is a technique for visualizing, organizing and selecting 

classifiers based on their performance. ROC graphs have long been used in signal 

detection theory to represent the tradeoff between hit rates and false alarm rates 

of classifiers (Sweets, 1979). ROC analysis has been extended for use in 

visualizing and analyzing the behaviour of diagnostic systems (Sweets, 1988). 

The ROC curve (figure 21), which is defined as a plot of test sensitivity - as 

the y coordinate versus its 1-specificity or false positive rate as the x coordinate - 

is an effective method of evaluating the performance of diagnostic tests. 

In a ROC curve the true positive (TP) rate (Sensitivity) is plotted in function 

of the false positive (FP) rate (100-Specificity) for different cut-off points. Each 
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point on the ROC plot represents a sensitivity/specificity pair corresponding to a 

particular decision threshold. A test with perfect discrimination (no overlap in the 

two distributions) has a ROC plot that passes through the upper left corner (100% 

sensitivity, 100% specificity). Therefore the closer the ROC curve is to the upper 

left corner, the higher the overall accuracy of the test and the AUC value. 

  
  

Figure 21 – ROC curves 

 

One global way to quantify the diagnostic accuracy of a classifier is to 

express its performance by a single number. The most common global measure is 

the area under the ROC curve (AUC). By convention, the AUC ranges between 

0.5 (no apparent distributional difference between the two groups of test values) 

and 1 (perfect separation). To compare the performances between classifiers it is 

usual to select the one that corresponds to the maximum value of AUC, which is 

the ROC curve nearest to the corner (0,1) of the unit square. 

The second category of observer performance methods, as mentioned by 

Tingberg (2000), includes methods being used for the evaluation of anatomical 

structures visibility such as VGA (Visual Grading Analysis) and IC (Image Criteria). 

Those methods are used for the quantification of image quality but they provide a 

subjective evaluation of clinical images (Tapiovaara, 2006) due the fact that they 

are dependent from a human observer. The objective of VGA method is to 
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evaluate the visibility of anatomical structures and compare them with a reference 

image. The evaluation is usually provided in a 5 level scale or comparative scores 

(Tingberg, 2000). In a IC evaluation the observer has to decide if the quality 

criteria previously defined is present – or not – and a nominal classification 

(yes/no) is given to that image. This analysis could be a useful method of 

technique optimization of radiographic technique (Lanhede, 2002). 

Both categories of observer performance methods will be further explored in 

the methodology chapter of this thesis. 
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Part II - Research design 
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Chapter 5: Methodology 

 

The European Commission (2002) proposes a new research field aiming 

the optimization of radiation exposures for diagnostic purposes. Several methods 

should be used to provide results in this field of research where new digital 

detector technology is being implemented in clinical routine. 

This chapter will address methodological options held in this study and is 

subdivided into five subsections: The first subsection will address the study design 

concerning the major conceptual framework. The four other subsections address 

and describe in detail the methods and techniques that were used to collect data. 

 

5.1 Study design 

 

The study design is based on a methodological framework which was 

undertaken in four core levels: 1) digital detector quantitative measures, related to 

objective detector quality measurements; 2) exposure parameters, related to the 

choice of radiographic technique; 3) dose and image quality, related to the 

radiation dose to the digital detector and patient; and 4) diagnostic quality 

perception, related to the inherent diagnostic quality of digital image. 

A quantitative research model was used as a methodological approach in 

this study.  This option is compatible with the purpose of this thesis where an 

attempt is given for analysis of the factors related with detector performance, 

technical acquisition, quality of the diagnostic image and dose management in 

digital detector systems for projection radiography. The use of quantitative 

methods and a step-by-step approach using a range of research techniques was 

necessary to fulfil the study aims.  
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According to Sardanelli (2009), research studies could be generally 

classified as observational and experimental. The observational component of this 

study is based on a retrospective and transversal design considering the 

evaluation of one or multiple groups of subjects without any modification of the 

context of the events by the test driver. This means that observational component 

of the study is based on information available from the clinical field, which was 

authorized maintaining the confidentiality of data related to the patients. The data 

collected from CR and DR systems allowed the evaluation of exposure parameters 

from digital images, dose (ESD) and exposure index to the detector. Under this 

classification (retrospective and transversal design) it was also possible to develop 

diagnostic quality evaluations from digital radiographic images: observer 

performance studies from digital images stored in the PACS.  

Under the experimental part of this thesis several studies were performed 

using phantoms in order to evaluate the relation between dose and image quality. 

The experiments allowed the characterization of physical properties of digital 

image systems and manipulation of variables such as those related to exposure 

parameters and evaluation of its influence in dose and image quality. Using a 

contrast-detail phantom, anthropomorphic phantoms and an animal bone phantom 

it was possible to provide objectivation of measures concerning the quantification 

of diagnostic quality and a measures of object detectability. 

 

5.2 Digital detector quantitative measures 

 

Characterization of physical properties of digital image systems requires the 

determination and measurement of detectors’ physical performance. Those 

measures such as modulation transfer function (MTF), noise power spectra (NPS) 

and detective quantum efficiency (DQE) provide objective evaluations of digital 

detectors performance. DQE is currently established as the gold standard 

measure to provide the baseline of detector performance. 
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The objective of this experiment was to implement a method to 

automatically provide MTF, NPS and DQE calculation from DICOM images 

obtained in a CR and a DR system. The method used for measurement of digital 

detectors is described in two subsections: 

1. Image acquisition; 

2. Quantitative measures determination method. 

 

5.2.1. Image acquisition 

 

Image acquisition was obtained from two digital systems - a CR 

(BaFBr:Eu2+) and a DR (CsI/aSi) system - using the edge method proposed by 

IEC (2003), to evaluate differences between different detector technologies. The 

edge method is typically implemented by using an opaque object (absorbs the 

incident X-Ray beam) with a polished edge. This will produce a well defined black 

and white edge image that will be used for MTF and DQE determination. 

Both systems were evaluated using standard beam quality RQA5 as 

recommended by International Electrotechnical Commission (IEC, 2003). The 

RQA5 technique was set up by adding an additional Al filtration of 21mm adjusting 

the tube potential to achieve a half-value layer (HVL) of 7.1mm at 70kV. 

Exposure at the detector was measured for a range of mA.s values at 

RQA5 using a calibrated dosemeter (CONNY® II QC Dosemeter, PTW) placed at 

the detector. An exposure of approximately 4 µGy to the detector was achieved in 

both systems. 

Edge test images were obtained using an opaque edge test device (Cu) of 

1 mm thick placed directly on the detector surface. An angle between 1.50 and 3.00 

to the detector axis was used to obtain measurements from more than one pixel 

array columns. Images were obtained with no anti-scatter grid at a focus-detector 
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distance (FDD) of 150 cm. At the same exposure level a flat-field image was 

obtained to estimate NPS. 

A set of MATLAB® routines were implemented to evaluate the performance 

of both CR and DR systems. Pre-sampled MTF was determined in both systems 

using an algorithm as recommended by IEC 62220-1 standard. DQE was 

calculated from NPS images and edge test images were used for MTF 

determination. A schematic diagram of the procedure to determine DQE in shown 

in figure 22. 

 
Figure 22 – Diagram of the procedure to determine DQE 

  

The methods used for the measurement and determination of physical 

properties of digital radiology image systems are described in the next subsection 

and examples will be provided. 
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5.2.2. Quantitative measures determination methods 

 

To determine the different parameters from the images it is necessary to 

proceed with data linearization. The linearized data are calculated by applying the 

inverse conversion function to the original data on an individual pixel basis. Since 

the conversion function is the output level (original data) as a function of the 

number of exposure quanta per unit area, the linearized data have units of 

exposure quanta per unit area (IEC, 2003). This means that calculations should be 

carried out within exposure domain and the conversion functions require mapping 

raw pixel values to exposure related pixel values. 

The relation for a DR type detector is already linear and the inversion 

function is readily obtained as: 

 baPPFE rawraw +== −
)(

1
 (5.1) 

where a and b are constants and Praw are the pixel values in the image file. 

For a CR type detector the direct relation is normally logarithmic with: 

which leads to 
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For practical calculations a and b constants are normally manufacturer 

supplied or experimentally obtained. 

For both cases a simple transformation yields a generalized linear 

relationship between pixel values and exposure: 

 )(1

rawlin PCFCEPV
−==  (5.4) 
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where PVlin is the linearized pixel value, and C is a normalizing constant.  

This transformation and linearization was performed according to the IEC 

62220-1 International Standard in order to proceed with MTF, NPS and DQE 

calculations assuming linear system behaviour of the image detector. 

 

i) Modulation Transfer Function (MTF) 
determination 

 

The MTF is a measure of the ability of an imaging detector to reproduce 

image contrast from subject contrast at various spatial frequencies (Samei, 

2003b).  

A frequently used technique to measure the MTF is to evaluate the 

response of the imaging system to edge objects (Dobbins 2000, Samei, 2005). In 

this experiment pre-sampled MTF was measured using the edge method as 

proposed by IEC (2003). The method requires the use of an opaque edge test 

device. In our case an opaque edge test device (Cu) of 1mm thick was placed 

directly on the detector surface with an angle between 1.50 and 3.00 to the detector 

axis. Several steps are required to determine MTF: 

Step 1 - Obtain a sub-image (horizontal and vertical) containing a large 

portion of the edge. Image 23a shows the samples obtained from the edge image 

to provide horizontal MTF (red square) and vertical MTF (green square). Image 

23b shows a sub-image that represents the sample containing a large portion of 

the edge. 
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a.    b. 

Figure 23 – Edge image and sample sub-image for MTF determination 

 

Step 2 - Then it is necessary to determine the edge extracting the image 

contours. The Sobel edge detector was used to detect edges (figure 24a). The 

Hough Transform (HT) was applied to the binary image and HT was computed 

within an oversampled angular grid. The coordinates of peak value of the Hough 

Transform are the angle and slope intercept of the “edge” line (figure 24b). 

Step 3 - An oversampled projection (10x pixel sampling) of the image along 

the estimated edge direction was then computed to obtain the Edge Spread 

Function (ESF) as defined by a square region of interest (ROI) as shown in Figure 

23b. The pixel values of the linearized data of N consecutive lines (i.e. rows or 

columns) across the edge are used to generate an oversampled edge profile 

(figure 25).  
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a.    b. 

Figure 24 – Thresholded binary image and angle and slope intercept of the “edge” line 

 

Step 4 - A numerical approximation of the derivative of the ESF was then 

computed (figure 26a). The oversampled ESF was differentiated using a [–1, 0, 1] 

kernel yielding the oversampled line spread function (LSF). A smoothed LSF 

derivative with a moving gaussian weighted polynomial window was plotted /figure 

26b). 

 
Figure 25 – Oversampled ESF plot 
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a. b. 

Figure 26 – Oversampled LSF plot 

 

Step 5 - The MTF is determinated using the absolute value of a one-

dimensional Fourier Transform (FFT) of the LSF which is normalized to its value at 

the centre of Fourier space. MTF plots for both systems are presented and 

discussed in Chapter 6, sub-section 6.2.1. 

 

ii) Noise Power Spectra (NPS) determination 

 

Noise Power Spectra (NPS) – often named as the Wiener Spectra (WS) - is 

a metric of image quality used to measure the noise characteristics and patterns in 

all frequencies of the image, and provides a more complete description of noise in 

an image. According to the IEC (2003) recommendation NPS is based on the 

average squared magnitude of the 2D Fourier Transform computed over K 

(256x256 pixel) overlapping ROIs. A square area of approximately 125 mm × 125 

mm located centrally behind the 160 mm square diaphragm is used for the 

evaluation of an estimate for the NPS to be used later on to calculate the DQE 

(IEC, 2003). For this purpose, K is chosen so the total number of pixels consists of 

at least four million independent image pixel arranged in one independent flat-field 

image (figure 27a), having at least 256 pixel in either spatial direction. NPS is an 
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average of the 15 central lines (x -horizontal) and columns (y - vertical) obtained 

from 2D NPS image (figure 27b). 

 
 

a. b. 
Figure 27 – ROI in flat-field image (a) and NPS directions (b) 

 

Trend removal was performed by fitting a two-dimensional second-order 

polynomial p(x,y) in order to minimize low-frequency effects to the linearized data 

of each complete image. Without applying any windowing, the two-dimensional 

Fourier transform is calculated for every ROI. Figure 28 shows a plot of the 2D, 

where the points represent raw data from the flat-field image and the surface 

represents a polynomial surface fitted to data. 
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Figure 28 – 2D polynomial surface fitted to data 

 

A function (equation 5.5) was used to compute the NPS where A(x,y) is the 

linearized raw pixel data: 

 ),(),(),( yxpyxAyxf −=  (5.5) 

 

The NPS from each individual region was estimated by Fourier 

transformation. These spectra are appropriately normalized, and averaged to 

obtain the twodimensional NPS. To obtain a smooth estimate of the NPS, a large 

number of regions often must be used. The regions can be segmented from a 

single uniform radiograph as stated previously, or can be taken from an ensemble 

of radiographs (Samei, 2003). NPS plots for both systems are presented and 

discussed in Chapter 6 sub-section 6.2.2.  
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iii) Detective Quantum Efficiency (DQE) 
determination 

 

DQE is the measure of the combined effect of the noise and contrast 

performance of an imaging system, expressed as a function of object detail. This 

measure of detector performance determines the transfer of signal to noise ratio 

from the input to the output of a detector. As already stated before, DQE was 

calculated from NPS images and edge test images used for MTF determination. 

Thus, the equation for the frequency-dependent detective quantum efficiency 

DQE(u) is: 

 
)(

)(
)(

2

uqNPS

uGXMTF
uDQE =  (5.6) 

 

Where G is the gain factor and considered as G=1, as calculated from data 

linearization; X the exposure at the detector associated with NPS measurement 

(µGy); MTF(u) is the pre-sampling Modulation Transfer Function; q is the ideal 

SNR2 (number of incident X-Ray quanta per unit area per (µGy); and NPS(u) is 

noise power spectrum of the output image 

DQE plots for both digital systems are presented and discussed in Chapter 

6, sub-section 6.2.3. 
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5.3 Exposure parameters evaluation 

 

Exposure parameters influence and determine the quantity and quality of 

the X-Ray beam. The choice of the most adequate radiographic technique to each 

clinical situation involves the selection of the correct exposure parameters. It’s the 

radiographer’s responsibility to adequately select exposure technical parameters 

excepting those related to particular equipment characteristics (Bushong, 2001). 

Although regulation on radiation protection is already incorporated in 

national legislative documents, in Portugal there is no real implementation of these 

recommendations in daily clinical practice or real established Diagnostic 

Reference Levels (DRLs). In fact, we claim that typical distributions of exposure 

parameters in plain radiography are unknown in Portugal. 

In our work data collection was obtained through three main routes: 

1. A cross-sectional survey to identify exposure parameters being 

used in plain radiography by radiographers; 

2. Exposure parameters obtained from the DICOM Log file; 

3. Exposure parameters variation in a phantom study. 

 

5.3.1. Cross-sectional survey 

 

A cross-sectional survey was developed and delivered to 85 radiographers 

working in the Lisbon area and 35 (41.1%) valid responses were returned. They 

were asked to identify exposure parameters that they are using in their clinical 

practice for a reference adult patient of 70 kg (CEC, 1996). Four anatomic regions 

were considered in seven radiological projections: skull (PA; lateral), chest (PA; 

lateral), lumbar spine (AP; lateral) and pelvis (AP). 
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The four main exposure parameters considered in this study were tube 

potential (kV), tube intensity (mA), exposure time (s) and focus-to-detector 

distance. Exposure time and tube intensity could be a unique exposure factor 

(mA.s). Collected data indicates kV, mA, exposure time (ms), mA.s and focus-to-

detector distance (cm) being used by radiographers in daily practice for each 

radiological projection. From this cross-sectional survey the aim was to identify 

exposure parameters used in plain radiography in the Lisbon area and to compare 

collected data with European references (CEC, 1996). 

Descriptive statistics and one sample t-test at a 95% confidence interval 

(CI) was performed to test possible differences between collected data and the 

CEC (1996) reference values. 

 

5.3.2. DICOM Log file 

 

The exposure parameters were retrospectively obtained from two DR 

systems from the same manufacturer. Both detector characteristics (installed in 

two different hospitals) were: 143-micron pitch, 9 million pixel resolution and 

square format (17 inches/43 cm) flat-panel, 14-bit digital data conversion with 

16,000 greyscales. 

A total of 527 chest exposures were evaluated (67 in hospital A; 460 in 

hospital B). Exposure parameters for each radiograph were obtained from the 

DICOM Log file available from both the flat-panel systems. We included in this 

study the exposures for Chest PA and Chest Lateral projections available in the 

files of the two DR systems. 

The DICOM Log file contained all relevant parameters for each exposure 

and was exported to a spreadsheet. We evaluated the relevant examination 

settings needed for the ESD calculation for each PA and lateral chest radiograph 

(kV; mA.s; Exposure Time (ms); Focus; Density; DAP; Collimation X; Collimation 
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Y; Distance Focus-to-Detector; Grid; Filter). All images were obtained using 

automatic exposure control (AEC). 

ESD values for PA and lateral projections were estimated from dose-area 

product (DAP) and field size relation (Collimation X; Collimation Y) and the 

backscatter factor. DAP can be recorded for a single radiograph and it’s possible 

to estimate the ESD of a single radiograph by making the use of the relation 

(Toivonen, 2005): 

 BSFADAPESD ∗= )/(  (5.7) 

 

where A is the area of the primary beam at the plane perpendicular to the 

beam axis (area at patient’s skin) and BSF is the backscatter factor (1.3 in this 

study). 

One sample t-test at a 95% confidence interval (CI) of the difference was 

performed to test significant deviations (p<0.001) from the reference (Busch, 2004; 

CEC, 1996) test value concerning exposure time (<20 ms PA; <40 ms lateral) and 

ESD (0.3 mGy PA; 1.5mGy lateral). 

 

5.3.3. A phantom study 

 

In this experiment all radiographs were performed using two 

anthropomorphic phantoms. An anthropomorphic chest phantom (RS-800T 

Heart/Thorax Phantom) was used for the acquisition of the chest PA radiographs 

and a whole body anthropomorphic phantom (PIXY Whole Body Phantom) was 

used for the acquisition of AP and lateral lumbar spine radiographs. 



Part II – Research design 

 90 

In chest PA, 5 images were obtained varying the tube potential with no 

additional filtration and a tube potential ranging from 90 to 133 kV was applied. All 

the radiological projections were acquired using an AGFA CR system (MD plate). 

For each exposure combinations - testing the use of additional filtration - 

four images were obtained: no added filtration, 0mm Cu; 0.1mm Cu; 0.2mm Cu 

and 0.3mm Cu. Tube potentials of 125kV for chest PA, 70 and 90 kV for the 

lumbar spine AP and 77 and 93 kV for the lateral projection were applied. A total 

of 25 images were taken (9 for chest and 16 for lumbar). This resulted in different 

technique groups for each projection (table 6). All images were obtained using 

automatic exposure control (AEC). 

Table 6 - Exposure parameters 

Projection Tube potential Additional filtration (mm Cu) Images obtained 

70kV-133kV No 5 Chest PA 
125kV 0; 0.1; 0.2; 0.3 4 
70kV 0; 0.1; 0.2; 0.3 4 Lumbar AP 
90kV 0; 0.1; 0.2; 0.3 4 
77kV 0; 0.1; 0.2; 0.3 4 

Lumbar lateral 
93kV 0; 0.1; 0.2; 0.3 4 

   N=25 

 

ESD values were calculated from the dose-area-product (DAP) meter 

chamber and from the tube output. 

A DAP meter is a large area ionization chamber attached to the collimator 

assembly of a radiography equipment. When the DAP meter is exposed to X-

Rays, the product of dose and the cross section of the X-Ray beam is displayed. A 

DAP meter (Scanditronix 120-131 IS) was assembled in the radiography unit 

(Siemens Multix Pro and Vertix S) used in this study. 

DAP was recorded from single radiographs and ESD was estimated by 

making the use of the relation DAP/area as described (Toivonen, 2005) in the 

previous section of this thesis. The backscatter factor was 1.3 in this experiment. 
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The calculation of the ESD from the tube output was obtained using a 

calibrated PTW Conny II QC Dosemeter. 

When the absorbed dose to air per unit charge (mGy/mA.s) of a particular 

X-Ray quality is known at the focus distance of 100 cm the ESD of a radiograph is 

obtained as follows (Toivonen, 2005): 

 BSFFSDQYxESD ∗∗= )/100( 2  (5.8) 

 

Where Yx is the tube output factor (mGy/mA.s), Q is the mA.s value 

obtained in a single X-Ray exposure, FSD is the focus-to-skin distance (in cm) and 

BSF the backscatter factor. 

 

5.4 Dose and image quality evaluation 

 

The purpose of radiation protection is to minimize radiation effects in 

exposed populations. The radiation exposure risk should be reduced to a minimum 

level and this must be driven by radiation protection actions and radiation 

protection principles (Seeram, 2006). Radiation protection actions point towards 

the use of time, shielding and distance to protect patients, personnel and the 

public. Radiation protection principles deal with the concepts of justification or 

positive net benefit, optimization and dose limitation (this concept is only applied 

for public and occupational exposures). 

Exposure optimization should contribute to protect patients from 

unnecessary exposures on medical diagnosis and the ALARP (As Low as 

Reasonably Practicable) principle should always be applied in clinical practice. 
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In digital imaging systems the dose delivered to the patient could be higher 

(over-exposure) or lower (under-exposure) than necessary (ICRP. 2004) due to 

their inherent dynamic range. Overexposure might still provide good image quality, 

but may cause unnecessary patient dose. 

The aim of this part of the study was to evaluate the response of the digital 

detectors when a dose variation is provided, both in clinical environment and in 

experimental environment. The data were obtained through two main routes: 

1. Evaluation of exposure index (lgm) from patient CR exposures; 

2. CDRAD studies (IQFInv) in CR and DR obtained from 

experimental exposures. 

 

5.4.1. Exposure Index (lgM) 

 

Manufacturers provide a wide variation of different exposure index scales to 

measure the radiation exposure at the detector (Willis, 2004). Exposure index is 

related with absorbed dose at the digital detector and is determined by the pixel 

values (ICRP, 2004). For AGFA CR systems the exposure index is called lgM (Log 

of median exposure) value and provides the dose feedback indicator (Schaetzing, 

2004).  

The lgM exposure index is the logarithm of the median value of the pixel 

histogram of the segmented image. The analysis of the segmented histogram 

produces the AGFA dose feedback number that indicates how close the average 

detector dose in some region of interest behind the patient was to the average 

detector dose expected from the speed class used for acquiring that image 

(Schaetzing, 2004). The relationship between pixel value and exposure must be 

known: the expected lgM value for any Speed Class (SC), according to vendors’ 

specifications is about 1.96 and should be consistent to a 2.5 µGy exposure 

measured at the detector (Schaetzing, 2004). Each change of 0.3 (log) in lgM 
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corresponds to doubling or halving of dose because of its logarithmic nature. For 

example, if the lgM value for a given image is calculated as 2.26, it indicates that 

the dose was about twice that expected for the selected SC. The dose level at the 

detector is determined as the median of the logarithmic pixel values in the main 

histogram lobe. 

In this study, we retrospectively analysed the lgM of 267 exposures 

performed during a period of one month in a CR system. Radiographs were 

obtained in the routine clinical environment by 3 experienced radiographers. For 

statistical reasons, the exposures obtained at a SC of 100 were excluded (n=2) 

and 265 exposures (125 female and 140 male) obtained at 200 and 400SC were 

considered. All the radiological projections were acquired using an AGFA CR 

system (MD plate). 

Exposure information such as patient-related data, examination data, 

radiographic technique, exposure parameters and post-processing information 

were recorded in a spreadsheet. 

Minitab 15 statistical software was used to perform the statistical analysis. 

This software provides the Anderson-Darling (AD) normality test. The AD test 

allows testing the null hypotheses (H0), i.e. to test if that the data (lgM) follows a 

normal (Gaussian) distribution.  

The lgM reference value used for this study is 1.96 (Schaetzing, 2004) and 

a reference standard deviation of 0.2 (AGFA, 2003) was selected for the upper 

and lower limits for statistical analysis. A significance level of p≤0.05 was used for 

statistical tests. Two patient gender groups (female; male) and three patient weight 

groups (overweight; normal weight; underweight) were considered.  
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5.4.2. CDRAD studies 

 

The imaging performance of two digital radiography systems (CR and DR) 

was evaluated using a contrast-detail phantom. The CDRAD 2.0 phantom (Artinis 

Medical Systems, The Netherlands) consists of a Plexiglas tablet with cylindrical 

holes of exact diameter and depth (tolerances: 0.02 mm). The phantom consists of 

a 15×15 array of 1.5×1.5 cm2 cell regions in which holes are drilled. The holes are 

logarithmically sized from 0.3 to 8mm in both diameter and depth (Figure 29). 

  

a. b. 

Figure 29 – CDRAD phantom (a); CDRAD image 
(b); CDRAD scheme (c) 

 

 

 c. 
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The CDRAD image shows 225 squares (arranged in 15 rows and 15 

columns). In each square one or two holes are present. The first three rows show 

only one hole or spot, while the other twelve rows have two identical spots in each 

square, one in the middle and one in a randomly chosen corner. Within a row the 

spot diameter is constant, with exponentially increasing depth (0.3 to 8mm). Within 

a column the spot depth is constant, with exponentially increasing diameter (0.3 to 

8mm). 

In this experiment the CDRAD phantom was placed between two layers 

(10cm+10cm) of polymethylmethacrylate (PMMA) to simulate patient scatter and 

X-Ray beam attenuation (Figure 30). The CDRAD 2.0 phantom was exposed at 

different exposure parameters. Both in CR and DR systems two exposure groups 

were achieved: 1) using a variation of tube potential (kV) and 2) using a variation 

of milliampere-second (mA.s). 

 

Figure 30 – CDRAD phantom placed between two layers of 20cm polymethylmethacrylate 
(PMMA) 

 

When varying tube potential from 57 kV to 105 kV a fixed mA.s was used 

(7.1 mA.s). When varying mA.s from 1.8 mA.s to 28 mA.s a fixed tube potential of 

81 kV was used. Measurement of exposure to the phantom for each kV and mA.s 



Part II – Research design 

 96 

setting was performed using the DAP meters attached to each system. The half 

value layer (HVL) of the X-Ray beam was measured in both tubes to check the 

beam quality. 

The image quality metrics was provided by the inverse image quality figure 

(IQFinv). The IQFinv is an overall image quality index or score and can be used for 

quantitative comparison of the phantom images. The IQFinv is defined as: 

 
∑ =

•
=

15
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,

100

i
thDiCi

IQFinv  (5.9) 

 

where Ci represents the object depth in the contrast column i and Di,th 

denotes the corresponding smallest visible diameter (threshold diameter) in this 

column. IQFinv gives a quality image measure where the higher score means a 

better low-contrast visibility (figure 31). The IQFinv was calculated for all images, 

resulting in 20 IQFivn values for each exposure setting in both digital systems. 

IQFinf scores of CR and DR systems were compared using descriptive statistics. 

 

Figure 31 – CDRAD phantom image and CDRAD analyser 1.1 plot 
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Other important factor that has a significant effect on reliable detection of 

low-contrast objects and their reproduction is the signal-to-noise ratio (SNR). This 

indicator of image quality is defined as (Tingberg, 2000; Bourne, 2010): 

 
σ

S
SNR

∆
=  (5.10) 

 

where S∆ is the difference in signal of an object and of the background and 

σ  is the standard deviation of the signal distribution in a background area. In this 

experiment, SNR was estimated using ImageJ (http://rsbweb.nih.gov/ij/). 

Measurement method is shown in figure 32.  

 

Figure 32 – Signal-to-noise ratio (SNR) measurement 

 

A circular region-of-interest (ROI) measurement of mean pixel value 

(MPV_Image) in a selected region hole of the image constitutes the signal of an 

object. A ROI measurement at the image background (MPV_Background) 

constitutes the noise present at the image. A SNR of 5 or more is required to make 

a reliable detection by humans possible. 
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Image acquisition 

 

Images were obtained both in CR and a DR system. CR images were 

performed using an AGFA CR system. All radiographs were obtained in the same 

35x43cm image plate (MD40). A conventional radiography system Siemens Multix 

Pro was used to perform the required phantom exposures. 

DR images were performed using a Siemens AXIOM Aristos FX Plus. The 

system has an integrated amorphous silicon flat panel detector (Trixell Pixium with 

CsI scintillator). The detector large size of 43 cm x 43 cm provides adequate 

coverage of CDRAD phantom. 

A detailed comparison of SNR, IQFInv and phantom entrance dose (mGy) 

between CR and DR concerning detectors performance at fixed tube potential (kV) 

and fixed tube charge (mA.s) is described in Chapter 6. 

 

5.5 Digital images and diagnostic quality perception 

 

Image quality concept in diagnostic radiology could be virtually understood 

as the radiographic image that fulfils its diagnostic purpose. This concept 

comprises several methods for image quality evaluation, including observer 

performance methods. 

Observer performance methods could be grouped, according to Tingberg 

(2000) in two categories: observer performance methods based on lesion 

detection; and observer performance methods based on visibility of anatomical 

structures. Both methods are used to evaluate the whole imaging chain and give a 

measure of the clinical image quality of an imaging system.  
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In this part of the thesis data collection were obtained through two main 

routes: 

1. Evaluation of images from anthropomorphic phantoms; 

2. Evaluation of images from patients. 

 

5.5.1. Images of anthropomorphic phantoms evaluation 

 

i) Chest phantom 

 

An experimental study was conducted at the radiography skills lab of a 

Health Technology School. Radiographs were acquired in a chest phantom using 

a Siemens radiography system (MULTIX PRO) and an Agfa CR system for image 

processing. 

The chest phantom used in this study is a fully tissue-equivalent 

anthropomorphic heart/thorax phantom molded of polyurethane. The phantom 

includes the heart, the lungs, the liver and the thorax skeleton. The images were 

acquired using a chest phantom for two reasons: ethical - avoiding unnecessary 

exposures to patients; technical – due to the need to control the variations in 

lesion localization and tube potential variation. 

 

Lesions and location 

 

Simulated lesions (Figure 33) were created using bird seeds (2-11mm), 

strips of aluminium foil and paraffin nodules (10mm diameter) (Chakraborty, 1996).  
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Figure 33 – Examples of simulated lesions 

 

The simulated lesions were added to the phantom and distributed over 6 

different regions (figure 34): (1) right pulmonary apex, (2) right margin of the 5th 

thoracic vertebrae, (3) right costophrenic recess, (4) left peripheral lung region, (5) 

middle of the left lung region and (6) left retrocardiac region. 

 

  
a. b. 

Figure 34 – Localization of simulated lesions added to the phantom 

 

Image acquisition 

 

A number of 7 trials containing 5 images each resulted in a total of 35 

radiographs (table 7). A control group of 5 images with no lesions was used as a 
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gold standard (P0 without lesion). In each of the 6 different locations where the 

lesion was positioned 5 radiographs were obtained (positions 1 to 6). Three 

groups of images were selected, where: 5 images had no lesions (P0; Position N); 

10 images had less evident lesions (P+; positions 2 and 5); and 20 images had 

more evident lesions (P++; positions 1, 3, 4 and 6).  

Table 7 - Groups of images and lesion localization 

Images Number of images 
Localization of 

lesion 

P0 (without lesion) 5 Position N 

P+ (lesion less evident) 10 Position 2 e 5 

P++ (lesion more evident) 20 Position 1, 3,4 e 6 

 N=35  
 

The lesion location was the same for the 5 exposures in each lesion 

position to avoid loss of information caused by differences in location for the same 

lesion (Tingberg, 2000). 

The phantom was positioned according to a chest PA projection in the wall 

stand bucky using automatic exposure control (AEC) and a focus-to-detector 

distance of 180cm (ACR, 2006; Kimme-Smith, 1995). A tube potential ranging 

from 81 to 141 kV was applied in each trial. This tube potential values have been 

used in several other studies (McEntee, 2004; Kimme-Smith, 1995; Dobbins, 

1992 ; Tingberg, 2000; Schaefer, 1990). 

After each exposure the radiographs were processed in an Agfa CR system 

using the same 35x43 IP (MD40) from the same manufacturer. The image plate 

was previously erased before the exposures to exclude any residual signal 

artefact. 
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Image evaluation 

 

All chest radiographs were displayed in a 19 inch and 1.3 megapixel LCD 

monitor (NEC Multisync LCD 1970NXp). A digital viewer - ViewDEX (Viewer for 

Digital Evaluation of X-Ray images) – was used. ViewDEX is a software tool 

designed for presentation and evaluation of medical images in observer 

performance studies. It handles several types of digital image evaluation studies, 

including receiver operating characteristics (ROC) (Börjesson, 2005). Using 

ViewDEX for a ROC experiment it’s possible to save each observer evaluation in a 

log file and export the results for further analysis according to ROC method.  

The images were randomly displayed by the ViewDEX and evaluated by 6 

experienced radiologists using a 5-level confidence scale (figure 35 and table 8). 

All the images were scored according to the observer’s evaluation regarding the 

presence of lesion (abnormal) or absence of lesion (normal).  

 
Figure 35 – Image display in ViewDex and rating scale 
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The observers gave each mark a rating according to a confidence level, as 

described in table 8. 

Table 8 - Five-level confidence scale 

Score Confidence level 

1 Very confident case is normal 
2 Confident case is normal 
3 Somewhat confident case is abnormal 
4 Confident case is abnormal 
5 Very confident case is abnormal 

 

Data analysis 

 

ROC curves are the most commonly tools used to compare diagnostic 

systems attempting to discriminate between two mutually exclusive populations (in 

this case the presence or absence of lesion). 

The ROC method was used to measure the overall diagnostic performance. 

Metz (1998) proposed a binormal model for estimating ROC curves when rating 

data. The latent variable under the binormal assumption is used to construct a 

smooth curve. When degenerated ROC curves are produced (curves that cross 

the 45º chance line), Metz and Pan (1999) developed a proper binormal model 

and a software entitled PROPROC that uses this model to fit convex ROC curves 

by maximum likelihood estimation (MLE). This method forces the curve shape 

always to be convex. Accordingly, a ROC curve cannot drop below the 45º chance 

line. 

Lesion detectability depends not only from the tube potential, but also from 

the readers that are also part of the process. Variability between observers, 

variability inherent to lesions position, correlation between exposure parameters 

and correlation between readers for the same exposure parameter are factors 

considered in this study. 
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For this particular study, the MRMC (Multiple Cases Multiple Readers) ROC 

curve is the most appropriate (Dorfmann, 1992, Obuchowski, 2004). MRMC 

methodology accounts for multiple readers each reading multiple cases. In 

general, it is assumed that a reader analyzes an image (case) and produces a 

classification based on the rating scale (table 8) that signifies the reader’s 

confidence that the image is normal or abnormal. 

Several statistical methods have been developed for analyzing MRMC ROC 

studies. Obuchowski (2004) compared five methods, namely Dorfman-Berbaum-

Metz (DBM) method (Dorfmann, 1992), Obuchowski-Rockette (OR) method 

(Obuchowski, 1995), Beiden-Wagner-Campbell (BWC) method (Beiden, 2000), 

Multivariate WMW Statistic (Song, 1997) and Hierarchical Ordinal Regression for 

ROC curves (HROC) (Ishawaran, 2000). 

Dorfman (1992) proposed an ANOVA of pseudo values to analyze 

multireader ROC data. The basic idea is to compute jackknife pseudo values. The 

jackknife pseudo value of the k-th case is simply the weighted difference in the 

accuracy, estimated from all cases, minus the accuracy estimated without the k-th 

case. These pseudo values serve as transformations of the original data: 

 ,)1( )(

^^
^

kijijijk ccy θθ −−=  
(5.11) 

 

where ^

ijky denotes the estimate AUC pseudo value for treatment i, reader j, and 

case k; 
^

θ ij denotes the AUC estimate based on all of the data for the i-th 

treatment and j-th reader; 
^

θ ij(k) denotes the AUC estimate based on the same data 

but with data for the k-th case removed; c is the total number of cases. AUC 

pseudo values are computed using the jack-knife separately for each reader/tube 

potential combination. 
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A mixed-effects ANOVA model is performed on the pseudo values to test 

the null hypothesis that the mean accuracy of readers is the same for all of the 

exposure parameters. The model is: 

,)()()()( ijkijkjkikijkjiijk BCBCCBCBy εααααµ ++++++++=  (5.12) 

 

where µ denotes the global mean; iα denotes de fixed effect of treatment i; 

Bj denotes the random effect of reader j; Ck denotes de random effect of case k; 

the multiple symbols in parentheses denote interactions, and ijkε
 is the error term. 

The interaction terms are all random effects and they are assumed to be mutually 

independent and normally distributed with zero means and variances 

corresponding to each random effect. 

Accuracy can be characterized using any summary measure (e.g. 

sensitivity, specificity, the area under the ROC curve, partial area under the ROC 

curve, sensitivity at a fixed false-positive rate). Furthermore, these measures of 

accuracy can be estimated parametrically or nonparametrically. 

The software MRMC DBM 2.2 from Medical Image Perception Laboratory - 

(http://perception.radiology.uiowa.edu) and Kurt Rossman Laboratories for 

Radiologic Image Research (http://xray.bsd.uchicago.edu/ krl/) - implements this 

method. 
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ii) Bone phantom 

 

Bone anthropomorphic phantom 

 

Experimental studies using bone anthropomorphic phantoms and image 

evaluation are well described in literature (Ludwig, 2000; Prokop, 1990). 

A porcine femur was used in this study as a bone anthropomorphic 

phantom because the radiographic appearance of this bone resembles that of the 

human femur (Ludwig, 2000). 

The specimen was obtained from a slaughterhouse. The distal part of the 

porcine femur was selected and all the soft tissues gently removed from the bone 

using a surgical blade. After this procedure the bone was immersed in a tank filled 

with renovated water during 8 weeks. At the end of this period of time all the 

remaining soft tissues were practically removed with the aid of bacteria. After this 

step the bone was immersed in a 10% Formaldehyde solution during 5 days to 

stop the bacteriological decomposition and promote a safety manipulation of the 

specimen. 

On the next step, 5 artificial osteolytic lesions with different diameters (1 to 

3mm) were created in 5 of 10 predefined regions by using a standard drilling 

device (Ludwig, 2000; Link, 1994). Osteolytic lesions with different lesion sizes 

offer a good discrimination for the observer when using different imaging 

techniques or equipments (figure 36a-b). 

The bone model was accurately enclosed in a cylindrical polypropylene 

paraffin filled container (20cm high, 10cm diameter). All the regions were identified 

for further control and comparative analysis (figure 36c).   
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Figure 36c shows the correct localization of the 5 artificial osteolytic lesions 

with different diameters (1 to 3mm) created in 5 regions (identified by an asterisk* 

mark): 

 
 

a) b) 

Figure 36 – Porcine femoral bone scheme 

and radiographs with lesions localization 

 

 
 c) 
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• R2* – 2mm diameter lesion; 

• R4* – 3mm diameter lesion; 

• L3* – 1mm diameter lesion; 

• L4* – 2mm diameter lesion; 

• L5* – 1mm diameter lesion. 

Collimation settings and central beam location were marked outside of the 

container to allow several exposures of the phantom under the same spatial object 

position. 

 

Image acquisition and exposure parameters selection 

 

A number of 11 radiographs were obtained using an AGFA CR system. All 

radiographs were obtained in the same 24x30cm image plate (MD40). A 

conventional radiography system Siemens Multix Pro was used to perform the 

required phantom exposures. A variation of exposure parameters (kV and mA.s) 

was used ranging from 52-81kV and 32-64 mA.s. 

 

Image quality evaluation 

 

In this experiment image quality was evaluated by observers using a 

method based on lesion detection and a method based on the categorization of 

the visibility of anatomical structures (Tingberg, 2000). Those methods are useful 

to evaluate the imaging chain and to provide a quantified measure of image quality 

from an image system or technique. 
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Six observers were asked to evaluate 11 images each one divided in 10 

regions. Ten phantom regions (5 right – R; and 5 left – L) were evaluated in 11 

different radiographs performed at different exposure techniques. Five regions 

were normal (R1; R3; R5; L1; L2) and 5 other regions of the bone specimen 

contained simulated drilled lesions (R2*; R4*; L3*; L4*; L5*). 

Firstly, observers were asked to review the images and compare the with a 

reference image. VGA (Visual Grading Analysis) method was used to provide a 

quantification of image quality. The evaluation was performed in a 5 level scale or 

comparative scores (Tingberg, 2000): clearly better than (2); slightly better than 

(1); equal to (0); slightly worse than (-1); clearly worse than (-2). A percentage 

score (%) of correct observations in each image was calculated and also VGA 

results for each individual image. 

Secondly, observers were asked to identify their degree of confidence 

concerning the presence or absence of a lesion in each of the 11 images. A five 

level confident scale was used: very confident case is normal (0); confident case is 

normal (1); somewhat confident case is abnormal (2); confident case is abnormal 

(3); very confident case is abnormal (4). 

For each of 10 observed regions in all 11 images (corresponding to 11 

combinations of exposure technique and dose) Friedman test was used to analyse 

data from reader-averaged preference ranking. The Friedman test was used to 

test if any significant difference between observers could be found at a p value 

≤0.05 in the different image regions. SPSS version 17.0 software was used for 

statistical analysis. 
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5.5.2. Patient images evaluation 

 

Patient characteristics and selection 

 

A random sampling of 18 adult patients (10 male and 8 female) was 

obtained from DICOM Log files available from a DR flat-panel system. A random 

sample of at least 10 standard-sized patients (60-80 kg) is recommended by CEC 

guidelines (CEC, 1996). All the patients had already performed lumbar spine 

radiographs (AP and lateral) under clinical indication and no additional or 

unnecessary exposures were required. Patient characteristics had an average 

weight of 74,1±5,2kg (male) ranging from 66 – 80kg and 66,8±3,5kg (female) 

ranging from 65–73kg. 

 

Image acquisition system 

 

All radiographic images available in this sample were performed in a DR 

system with the following characteristics: flat-panel detector Pixium 4600 (Trixell, 

Moirans, France) 43x43cm, with a spatial resolution of 3,5lp/mm and a pixel 

dimension of 143µm. The detector is integrated in the bucky (Digital Diagnost TH; 

Philips Medical Systems, Best, The Netherlands) connected to a high-frequency 

generator (Philips Optimus 65 Generator) and a X-Ray tube Philips SRO 33100. 
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Image collection 

 

All radiographic images were collected from the PACS (Picture Archiving 

and Communication System) and available in DICOM format. This format contains 

all the qualitative and quantitative required information (DICOM tag). It contains 

the exposure parameters and dose information that were applied for a certain 

image. 

 

Image quality evaluation 

 

Images were evaluated by a panel of 5 experienced radiographers using an 

evaluation scale established in advance (Bacher, 2006; Geiger, 2009; Almén, 

2000). Images were evaluated in a post-processing room at the hospital to provide 

the best environmental conditions concerning the light conditions (Geiger, 2001). A 

Phillips Brilliance 190P (19 inches) screen was used to provide the same 

conditions to all observers concerning luminosity, brilliance and contrast. 

Observers were allowed to change contrast, brilliance and image zooming (Geijer, 

2001). 

From a sample of 18 adult patients 36 lumbar spine (AP and lateral) images 

were evaluated using ViewDex (Viewer for Digital Evaluation of X-Ray Images) 

software (figures 37 and 38).  
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Figure 37 – ViewDex setup in AP projection 

 

 
Figure 38 – ViewDex setup in lateral projection 
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During the quality evaluation process observers were using the VGA 

scoring method. They compared and evaluated all the images regarding the 

reference image. The observers didn’t know what were the exposure parameters 

used at any image (Geijer, 2009; Geijer, 2001; Almén, 2000; Tingberg, 2004). 

Two images (AP and lateral projection) were used as reference images in 

the VGA. The quality of the images being evaluated was compared with that of the 

reference image, using the structures and criteria defined in table 9. For each 

projection a reference standard image was used to provide a comparison with the 

images being evaluated (Geijer, 2001). 

Table 9 – Adapted CEC guidelines quality criteria for lumbar spine radiography. 

AP projection 

1. Reproduction of L3 upper and lower-plate surfaces 
2. Reproduction of L3 lateral surfaces 
3. Reproduction of L3 pedicles 
4. Reproduction of intervertebral joints 
5. Reproduction of L3 transverse and spinous process 
6. Visualization of adjacent soft tissues 

7. Reproduction of sacro-iliac joints 

Lateral projection 

1. Reproduction of upper and lower-plate surfaces of the vertebrae 
2. Complete overlapping of posterior body of vertebrae 
3. Reproduction of pedicles and intervertebral foramina 
4. Visualization of spinous process 

5. Reproduction of trabecular and cortical bone 

 

In AP projection 7 criteria were used; in lateral projection 5 criteria were 

used (Geijer, 2009; Almén, 2000; Niemann, 2008). The criteria met the CEC 

guidelines requirements (CEC, 1996; Tingberg, 2004). 

A 5 level scale was used: clearly better than (+2); slightly better than (+1); 

equal to (0); slightly worse than (-1); and clearly worse than (-2) the reference 

image. 
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The result from VGA was analysed using a calculated visual grading 

analysis score (VGAS) for each image, including the observations of all observers 

using the following equation: 
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Where Gi,s,o is the grading (-2, -1, 0, +1, +2) for image I, structure S and 

observer O. I is the number of images (18 in each projection); S the number of 

structures (7 in AP and 5 in lateral); O the number of observers (5 in this study) 

(Tingberg, 2004). The results were stored in a file for further statistics analysis. 

To test the assumption that VGAS were sampled from a Gaussian 

distribution the Kolmogorov-Smirnov statistic test was used. This test was used 

because it has the advantage of making no assumption about the distribution of 

data. A p value ≤0.05 was considered statistically significant. 

Student's t test was used to determine statistical differences in VGAS 

regarding the two exposure groups and to analyze quantitative differences in 

VGAS between the two groups. A p value ≤0.05 was considered statistically 

significant. This parametric test was used to compare the mean scores of two 

different groups assuming that the sample populations are normally distributed. 

Finally, a one-way between groups analysis of variance (ANOVA) at a 

p≤0.05 level was conducted to explore the impact of observers’ perception on 

image quality (VGAS). This parametric technique is used when only one 

independent variable exists (observer). 
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Chapter 6: Results 

 

6.1 Results overview 

 

Results obtained using the methodological framework described is previous 

chapter are presented in four core levels: 1) digital detector quantitative measures, 

related to objective image quality measurements; 2) exposure parameters 

evaluation, related to the choice of radiographic technique; 3) dose and image 

quality evaluation, related to the radiation dose to the digital detector and patient; 

and 4) digital images and diagnostic quality perception, related to the intrinsic 

diagnostic quality of radiographic image. 

 

6.2 Digital detector quantitative measures 

 

The modulation transfer function (MTF), the noise power spectra (NPS), 

and the detective quantum efficiency (DQE) are meaningful measures of 

sharpness and noise for digital radiographic detectors. The measurements can 

readily be used for optimization, testing, and comparison of existing ones (Samei, 

2003b). Results from those measures and a comparison between a DR and a CR 

system are shown and presented here. 

 

6.2.1. Modulation Transfer Function (MTF) 

 

Figure 39 shows the MTF determination along the horizontal and vertical 

directions for both DR and CR detector.  A fixed tube potential at 70 kV with 21 
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mm additional aluminium filtration and standard beam condition RQA5 have been 

used (IEC, 2003). 

At the 0.5 MTF point the DR detector performance (Figure 39a-b) is 1.2 

cycles/mm (horizontal direction) and 1.3 cycles/mm (vertical direction). At the 0.1 

MTF point the spatial frequency is 2.3 cycles/mm (horizontal direction) and 2.5 

cycles/mm (vertical direction). Similar results at 0.5 MTF were reported in previous 

studies (Lawinsky, 2005; Doyle, 2009).  
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CR: Vertical MTF
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Figure 39 – DR and CR systems horizontal and vertical MTF 
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CR detector MTF response at horizontal (x) and vertical direction (y) is 

plotted in figures 39c and 39d, respectively. At the 0.5 MTF point the CR detector 

performance is 1.8 cycles/mm (horizontal) and 1.6 cycles/mm (vertical). At the 0.1 

MTF point the spatial frequency is 3.4 (horizontal direction) and 3.3 (vertical 

direction). The results reveal higher spatial frequency resolution at 0.5 and 0.1 

MTF when compared to other reports (Mackenzie, 2006): 1.6;1.5 (x;y) and 3.7;4.0 

(x;y), respectively. A slight overshoot is observed in lower frequencies of the x 

direction scan (figure 39c) and an undershoot is observed between 0 and 0.5 

cycles/mm (figure 39d). This could be due to edge image transition. Under or 

overshoot of the scan lines in light to dark transitions along the object edge 

indicates a timing error, or laser beam modulation problem and results in 

occasional incorrect definition of the object edge. This effect can be indicated with 

the term “jitter” generally used for any distortion of a signal or image caused by 

poor synchronization (Rampado, 2006). 

The DR flat-panel detector (CsI) exhibit a sharpness response with 0.5 and 

0.1 MTF values at frequency ranges of 1.2–1.3 cycles/mm (horizontal-vertical) and 

2.9–3.1 cycles/mm, respectively. The CR detector exhibits modestly higher MTFs 

both at 0.5 and 0.1 level. Frequency ranges from 1.6-1.8 cycles/mm (horizontal-

vertical) and 3.3-3.4 cycles/mm (horizontal-vertical), respectively at 0.5 and 0.1 

MTF. 

 

6.2.2. Noise Power Spectra (NPS) 

 

Figure 40 shows the NPS at 4 µGy as a function of the spatial frequency. 

The plotted figures show NPS along x (horizontal) and y (vertical) directions for DR 

(figure 40a-b) and CR (figure 40c-d) detectors. 

Observing DR detector NPS in both directions the plots (figure 40a,b) follow 

the same trend, showing no important differences in both directions. The detector 
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seems to provide good transmission of high frequency information (0.5-2 

cycles/mm) but also at low frequency noise (up to 3 cycles/mm). 

Inspection of CR NPS plots (figure 39c-d) appears to provide a similar trend 

in both directions. The results show a sudden NPS decrease at higher frequencies 

(up to 0.5 cycles/mm) and then provide a flat behaviour up to 3 cycles/mm. This 

curve shape highlights an accentuated NPS variation when compared to DR 

detector.  
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Figure 40 – DR and CR systems horizontal and vertical NPS 

 

NPS curves for DR detector are relatively flat as compared with the NPS 

from phosphor-based detector (figure 40). Specific detector designs have been 

N
P

S
 

N
P

S
 

N
P

S
 

N
P

S
 



Part II – Research design 

 119 

suggested to somewhat reduce the sharpness of direct detectors and thus reduce 

the potential for signal and noise aliasing (Rowlands, 2000; Samei 2003a). 

 

6.2.3. Detective Quantum Efficiency (DQE) 

 

Currently DQE is the recommended method for describing detector 

performance (IEC, 2003).  The higher the DQE, the better are the SNR 

characteristics of a detector. Figure 41 reports the DQE determination for the two 

digital detectors evaluated in this study. 

 

0 0.5 1 1.5 2 2.5 3 3.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

cycles/mm

DQE

 

 

DR: Horinzontal DQE

0 0.5 1 1.5 2 2.5 3 3.5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

cycles/mm

DQE

 

 

DR: Vertical DQE

a. b. 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

cycles/mm

DQE

 

 

CR: Horizontal DQE

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

cycles/mm

DQE

 

 

CR: Vertical DQE

c. d. 
Figure 41 – DR and CR systems horizontal and vertical DQE 
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As previously described, the plotted figures shows DQE along x (horizontal) 

and y (vertical) directions for DR (figure 41a-b) and CR (figure 41c-d) detector. 

DQE is a measure that is calculated from MTF and NPS. As shown in figure 

41a-b the plots reflect the DR detector performance in the horizontal direction at 

the exposure levels corresponding to 4 µGy. Overall the DR system shows a wide 

range of performance reflecting the noise and resolution components described 

earlier. DQE peak (60%) is achieved at spatial frequencies 0-0.5 cycles/mm and 

normally decreases at lower spatial frequencies.  

Figure 41c-d describes DQE for the CR detector. As expected the results 

suffer an influence from MTF and NPS measurements. The peak curves are 

achieved at 0.5-1 cycles/mm - 85% and 66% - both at the horizontal and vertical 

directions, respectively. 

In both digital systems MTF translate to DQE at all spatial frequencies while 

NPS leads to DQE reductions in lower spatial frequencies, thus influencing the 

shape of DQE curve. 

This part of the study has shown that using objective measurements such 

as MTF, NPS and DQE it is possible to characterize digital imaging systems. By 

implementing the method as proposed by IEC (2003) the results have revealed 

that DR and CR systems have different responses. Unexpected variation in the 

CR detector was found due to a laser beam modulation problem. Concerning the 

DR system the detector response seems to be in agreement with other reports. 

The implemented method seems to be a reliable but should be tested in a variety 

of digital systems from different manufacturers. 
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6.3 Exposure parameters evaluation 

 

6.3.1. Cross-sectional survey 

 

The cross sectional survey allowed an exploratory identification of the main 

exposure parameters in 7 radiological projections in 4 anatomic regions: skull (PA 

and lateral); chest (PA and lateral); lumbar spine (AP and lateral); and pelvis (AP). 

Concerning tube potential (kV) one sample t-test at a 95% confidence 

interval (CI) of the difference shows a significant deviation (p<0.001) from the test 

value (Table 10), except for chest lateral projection. kV values (mean) for skull PA 

(63.03), skull lateral (60.11), chest PA (106.08), chest lateral (118.13), lumbar 

spine AP (66.58), and pelvis AP (66.82) are below the CEC kV reference values 

(Test Value column). Lumbar spine lateral projection mean kV value (82.21) is 

within the recommended interval, although results show a significant difference 

(p<0.001) from the lowest (70 kV) and highest (85 kV) reference values. 

Table 10 - Tube potential (kV) One-Sample t-test at 95% CI. 

Projection Mean (kV) StDev Test Value (kV) t-statistic p 

70 -6.732 .000 Skull PA 63.03 6.386 
85 -21.211 .000 
70 -8.440 .000 Skull lateral 60.11 7.129 
85 -21.239 .000 

Chest PA 106.08 18.850 -6.188 .000 

Chest lateral 118.13 14.114 
125 

-3.000 .005 

75 -7.274 .000 Lumbar spine AP 66.58 6.942 
90 -20.239 .000 
75 6.128 .000 Lumbar spine 

lateral 82.21 7.253 
90 -6.621 .000 
75 -7.311 .000 Pelvis AP 66.82 6.900 
90 -20.712 .000 
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Table 11 shows that there is no significant deviation from test value for most 

projections, concerning exposure time (ms). A significant deviation (p<0.001) is 

shown for lumbar spine lateral. Mean exposure time values for skull PA (157.01), 

skull lateral (195.32) and chest PA (21.84), are above the CEC exposure time 

reference values (Test Value column). Chest lateral (33.45) lumbar spine AP 

(320.14), lumbar spine lateral (466.11) and pelvis AP (287.68) are below the CEC 

reference. 

 

Table 11 - Exposure time (ms) One-Sample t-test at 95% CI. 

Projection Mean (ms) StDev Test Value (ms) t-statistic p 

Skull PA 157.01 116.112 1.837 .089 

Skull lateral 195.32 133.106 
100 

3.581 .002 

Chest PA 21.84 23.196 20 .286 .780 

Chest lateral 33.45 27.751 40 -.851 .412 

Lumbar spine 
AP 320.14 312.528 400 -1.225 .233 

Lumbar spine 
lateral 466.11 428.648 1000 -5.842 .000 

Pelvis AP 287.68 268.652 400 -1.961 .063 

 

Exposure parameters for all projections (tube potential and exposure time) 

are shown in scatter plot (figures 42-45). 

Skull observations (Figure 42) are below the CEC recommendation interval 

for tube potential (76% PA; 89% lateral) and above the recommendation for 

exposure time of 100 ms (85% PA; 80% lateral). 
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Figure 42 – Scatter plot showing exposure parameters (tube potential and exposure time) in 

skull AP/PA and lateral projections 

 

Exposure parameters for chest radiography are shown in Figure 43. Tube 

potential results are below the reference of 125 kV (90% PA; 62% lateral). Only 

few observations (23%) are set on 125 kV or above in lateral projection. Exposure 

time is below the 20 ms (70% PA) and 40 ms (62% lateral) recommendation. 

Some results are observed far above the recommended exposure time for both 

projections. 

 

 
 

 
 

Figure 43 – Scatter plot showing exposure parameters (tube potential and exposure time) 

chest PA and lateral projections 
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Lumbar spine AP projection (Figure 44) shows 83% of observations below 

the reference interval (75-90 kV). In this projection 30% of exposure time 

observations are above the reference of 400 ms. Only 26% of cases in lumbar 

spine lateral projection are below the reference interval for tube potential and 22% 

above the limit of 1000 ms. 

 

 
 

 
 

Figure 44 – Scatter plot showing exposure parameters (tube potential and exposure time) in 

lumbar spine AP and lateral projections 

 

Figure 45 shows that in 73% of cases tube potential is below the 

recommended range of 75-90 kV for pelvis AP projection. Exposure time is above 

400 ms reference in 27% of cases. 
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Figure 45 – Scatter plot showing exposure parameters (tube potential and exposure time) in 

pelvis AP projection 

 

Box-and-whisker plot diagram shows that tube potential (kV) variable (figure 

46) in chest PA and lateral projections has the wider interquartile range. Results 

dispersion found in PA (75-133kV) and lateral projection (95-141) seem to be too 

wide when compared to the 125 kV CEC reference value. When analyzing all 

other projections, interquartile range seems to be in non-conformity with the 

respective CEC value: skull PA (55-77kV; CEC=70-85kV); skull lateral (52-77kV; 

CEC=70-85kV); lumbar spine AP (52-80kV; CEC=75-90kV); lumbar spine lateral 

(64-94kV; CEC=80-95kV); pelvis AP (53-80kV; CEC=70-85kV). 

Exposure time (ms) box-and-whisker plot diagram (figure 47) shows a wider 

interquartile range in lumbar AP (40-250ms; CEC<400ms) and lateral projections 

(80-300ms; CEC<1000) and also in pelvis AP projection (40-330ms; 

CEC<400ms). Both for skull and chest the Interquartile range is narrow concerning 

exposure time values. 

Collected data from the cross-sectional survey suggests that wide variations 

concerning technical exposure factors are found. CEC guidelines are not well 

established as a reference in radiographers practice. Working pattern and 

exposure parameters selection does not reflect a consensus when exposing 

patients in most representative exams. 
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Figure 46 – Box-and-whisker plot showing tube potential (kV) variation in all projections 

 

 
Figure 47 – Box-and-whisker plot showing exposure time (ms) variation in all projections 

 

When comparing mode values with CEC reference (1996) concerning tube 

potential (kV), focus-to-detector distance (cm) and exposure time (ms) a number 

of 10 non-conformities can be found (table 12). A special attention should be given 

to exposure time that is above CEC reference in 5 projections (skull PA and 

lateral; chest lateral; lumbar spine AP; pelvis AP). In those projections exposure 



Part II – Research design 

 127 

time is well above the reference value. Also tube potential is in conflict with CEC 

reference in several projections. Focus-to-detector distance (cm) is according the 

reference to all projections. Overall results according to the most frequent value 

(mode) show that only lateral lumbar spine projection agrees with CEC reference. 

 

Table 12 – Radiographic technique and CEC guideline conformity 

Region Projection Technique Mode (a) CEC (1996) 
reference 

Conformity 

kV 60 70-85 � 
FDD (cm) 100 115 (100-150) � PA 
Exposure time (ms) 120 <100 � 

kV 55 70-85 � 

FDD (cm) 100 115 (100-150) � 

Skull 

Lateral 
Exposure time (ms) 120; 200 (a) <100 � 
kV 125; 90 125 � 

FDD (cm) 180 180 (140-200) � PA 
Exposure time (ms) 7 <20 � 

kV 130 125 � 

FDD (cm) 180 180 (140-200) � 

Chest 

Lateral 
Exposure time (ms) 10; 60; 75 

(a) <40 � 

kV 70 75-90 � 
FDD (cm) 100 115 (100-150) � AP 
Exposure time (ms) 120; 600 (a) <400 � 
kV 90 80-95 � 

FDD (cm) 100 115 (100-150) � 

Lumbar 
spine 

Lateral 
Exposure time (ms) 200 <1000 � 

kV 75;70;64;60 
(a) 75-90 � 

FDD (cm) 100 115 (100-150) � Pelvis AP 

Exposure time (ms) 
117; 120; 
133; 313; 
400 (a) 

<400 � 

N=35 
(a) more that one mode value. 
FDD: focus-to-detector distance 

Legend: Conformity? (yes) �  
Conformity? (no) �  

 

The results from this cross-sectional survey have shown that at a local level 

(Lisbon region) radiographic practice does not comply with CEC guidelines 

concerning exposure techniques. The results suggest the need to establish 

national/local dose reference levels and to proceed to effective measurements in 

the field for technique and exposure optimisation. 
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6.3.2. DICOM Log file 

 

Stored DICOM Log file data allows a retrospective evaluation of relevant 

exposure parameters for each exposure. Exposure parameters (kV; mA.s; 

exposure time) and dose related values (DAP; ESD) obtained from stored DICOM 

Log file data in two DR systems from the same manufacturer in two hospitals were 

analyzed. The analyzed data reports to PA and lateral chest radiography as shown 

in table 13. 

 

Table 13 - Exposure parameters (kV; mA.s; exposure time) and dose related values (DAP; 
ESD) from two DR systems in two hospitals 

DR 
system 

Projection  kV mA.s 
Exposure 
Time (ms) 

DAP 
(dGy*cm

2
) 

ESD (mGy) 
ESD 

(mGy) 
75

th
 P 

Mean 125 4.7 8.59 11.4 0.98 

Min 125 1.1 2.03 0.3 0.03 

Max 125 16.9 31.64 57.3 4.40 

SD 0.0 4.2 7.81 15.6 1.27 

PA 

N=48      

1.65 

Mean 133 4.5 9.14 14.3 1.28 

Min 125 1.2 2.19 0.4 0.03 

Max 133 14.5 29.14 48.7 4.37 

SD 1.8 2.8 5.67 10.6 0.95 

A 

Lateral 

N=19      

1.45 

Mean 125 1.7 3.33 0.8 0.06 

Min 102 0.8 1.61 0.2 0.01 

Max 133 5.3 11.00 2.8 0.20 

SD 2.5 0.7 1.38 0.4 0.03 

PA 

N=340      

0.07 

Mean 125 7.4 14.83 3.6 0.28 

Min 109 1.3 2.56 0.7 0.05 

Max 141 35.7 70.00 14.8 1.36 

SD 2.9 5.3 10.62 2.5 0.20 

B 

Lateral 

N=120      

0.32 
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The tube potential results range from 102 and 141 kV. Mean value for PA 

projection is 125 kV for both DR systems. In system A tube potential mean is 

higher (133 kV) than in system B (125 kV) in lateral radiographs. 

The mA.s values differ from both equipments. The chest PA mean mA.s is 

higher in system A (4.7) than in system B (1.7). On the contrary the mean mA.s in 

lateral projection are higher in system B (7.4) when compared with system A (4.5). 

Exposure time mean in both systems is well below the reference of 20ms 

(PA) and 40ms (lateral). Mean exposure time is higher in system A (8.59ms) when 

compared to system B (3.33ms) for PA projection. In lateral projection differences 

were also identified: 9.53ms (system A), 14.83ms (system B). 

Also the mean DAP values (dGy*cm2) we found show that in system A DAP 

values are higher (11.4 PA; 14.3 lateral) than in system B (0.8 PA; 3.6 lateral). 

When comparing ESD 75th percentile value with CEC reference the results 

shows that in both systems ESD seem to be too much different. This is extremely 

relevant considering that we are evaluating the exposure parameters obtained 

from the same DR technology and the same digital detector. 

In system A 75th percentile for chest PA is 1.65 mGy (CEC=0.3mGy) and in 

chest lateral projection 75th percentile is 1.45 mGy (CEC=1.5 mGy). This means 

that in PA the ESD value is too much higher than CEC reference. Considering 

system B all values (PA=0.07 mGy; Lat=0.32 mGy) are well below the CEC 

reference. 

Exposure time and ESD correlations for chest PA and lateral are shown in 

Figure 48. The red lines inside the figure indicate the European reference values 

for exposure time (<20ms for PA; <40ms for lateral) and ESD (0.3mGy for PA; 

1.5mGy for lateral). The blue dots inside the figure correspond to Hospital A 

(system A) observations and the green dots to Hospital B (system B). 
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Figure 48 – Scatter plot showing exposure time (ms) and ESD (mGy) correlations for chest 

PA and lateral in two DR systems 

 

Concerning chest PA strong positive correlations are found in both hospitals 

between exposure time and ESD (hospital A: r2= 0.976; hospital B: r2=0.913). In 

hospital A 43% (21/48) of Chest PA cases are higher than the European reference 

of 0.3mGy. The exposure time in 10% (5/48) of cases is above the 20ms 

reference. In hospital B all the observations fit the European reference concerning 

exposure time and ESD (p<0.05). 

Chest lateral observations show strong positive correlations between 

exposure time and ESD (hospital A: r2= 0.945; hospital B: r2=0.951). Results 

show that in hospital A 84% (16/19) of cases are below the reference (1.5mGy). 

Although 16% (3/19) of observations are above 1.5mGy all exposures were 

obtained below the 40ms exposure time. In hospital B all observations are below 

the ESD reference. Exposure time is higher than the reference in 3% (4/120) of 

cases. Mean exposure time used in hospital B has a tendency of being higher 

(14.83ms) that in hospital A (9.14ms) in chest lateral projection. 
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When comparing the two samples of data the results show that in hospital B 

all ESD values (100%) are significantly below the references (p<0.05), both in PA 

and lateral projections (figure 49). 

Figure 49 – ESD mean in hospital A and B for chest PA and lateral radiographs 

 

Comparing the histogram bars (figure 49) differences can be observed 

concerning mean ESD values and the technical options concerning image density 

options. Looking at the histogram it is easy to observe that in hospital B (system B) 

a wide option considering image density seem to be adjusted to each situation or 

patient. This seems to result in lower ESD values. In hospital A (system A) the 

option is to obtain the images using higher density values and this could be related 

to overexposure, specially in chest PA, as described previously. 

A considerable variation on ESD and exposure time was observed. Results 

confirm that wide variations in patient dose and exposure time can be found at the 

same DR detector technology. Performance evaluation programmes should be 

implemented in order to improve procedures. Optimization of procedures 

concerning the reduction of exposure time and ESD are suggested. Image 

evaluation studies should also be considered in the optimization process. 
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6.3.3. A phantom study 

 

This phantom study aimed to evaluate the influence of exposure 

parameters variation in entrance skin dose (ESD) in chest and lumbar spine 

radiography in a Computed Radiography (CR) system. 

Results from this experiment shows that the use of Cooper (Cu) filters 

allows an ESD reduction of 50% and 40% in lumbar spine AP projection for 

exposures obtained with 70 kV and 90 kV respectively. A reduction of 50% is 

found in lumbar lateral projection for both tube potentials (77 and 93 kV).  

The results for chest PA radiography (table 14) show that ESD decreases 

when the tube potential increases (90kV=0.32mGy; 133kV=0.17mGy). ESD value 

is above the 0.3 mGy reference only at 90 kV (0.32mGy; 0.37mGy). All tube 

potentials selected above 100 kV show ESD values below the reference. In 

addition, DAP measurements (µGy*m2) decreases when increasing tube potential 

or when increasing Cu filtration. 
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Table 14 - Technique groups and filtration (chest PA projection) 

Tube 
potential Filtration mA.s 

DFD 
(cm) 

FSD 
(cm) 

DAP 

µµµµGy*m2 
ESDDAP 
(mGy) 

ESDoutput 
(mGy) 

CEC Reference 
(mGy) 

90 kV 8.63 180 155 19.9 0.32 0.37 0.3 
102 kV 5.72 180 155 16 0.26 0.25 0.3 
113 kV 4.26 180 155 13.8 0.22 0.18 0.3 
125 kV 3.26 180 155 12.1 0.19 0.14 0.3 
133 kV 

0mm Cu 

2.95 180 155 10.8 0.17 0.13 0.3 
0mm Cu 3.26 180 155 12 0.19 0.14 0.3 

0.1mm Cu 3.76 180 155 8.7 0.14 0.09 0.3 
0.2mm Cu 4.24 180 155 7.3 0.12 0.07 0.3 

125 kV 

0.3mm Cu 4.77 180 155 6.3 0.10 0.06 0.3 

 

When using additional filtration at 125 kV the ESD decreases when 

increasing the Cu filtration. In chest PA a reduction of 52% (ESDDAP) is found at 

125 kV when increasing beam filtration from 0mm Cu to 0.3mm Cu. 

The observed mA.s increase (3.26 to 4.77) while the additional filtration 

increases, is due to the lower energy photons that are attenuated with the filter 

thickness augmentation. In consequence an increase of the X-Ray tube output is 

necessary to maintain the necessary exit beam photon flux (Kohn, 1988). 

The results for lumbar spine AP (table 15) show that both at 70 and 90 kV 

the ESD decreases while increasing beam filtration. An ESDDAP reduction of 50% 

(0.85-0.37 mGy) and 40% (0.53-0.26 mGy) in AP projection for exposures 

obtained with 70 kV and 90 kV was achieved, respectively. All ESD results are far 

below the 10 mGy reference. 
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Table 15 - Technique groups and filtration (spine AP projection) 

Tube 
potential 

Filtration mA.s 
DFD 
cm 

DFP 
cm 

DAP 
mGy*

m
2
 

ESDDAP 
(mGy) 

ESDoutput 
(mGy) 

Ref CEC 
(1996) 
(mGy) 

0mm Cu 13 115 93 26.6 0.85 1.05 10 
0.1mm Cu 17.2 115 93 17.4 0.56 0.67 10 
0.2mm Cu 21.9 115 93 13.9 0.44 0.54 10 

70 kV 

0.3mm Cu 27.6 115 93 11.6 0.37 0.46 10 
0mm Cu 5.34 115 93 16.6 0.53 0.43 10 

0.1mm Cu 6.59 115 93 11.5 0.37 0.26 10 
0.2mm Cu 7.81 115 93 9.3 0.30 0.19 10 

90 kV 

0.3mm Cu 9.41 115 93 8.1 0.26 0.16 10 
 

Table 16 shows an ESDDAP reduction of nearly 50% in lumbar lateral 

projection for both tube potentials (77 and 93 kV). A mA.s increase was also 

observed when filtration increased. All the exposures in lateral lumbar were far 

below the 30 mGy reference. 

 
Table 16 - Technique groups and filtration (spine lateral projection) 

Tube 
potential 

Filtration mA.s 
DFD 
cm 

DFP 
cm 

DAP 
mGy*

m
2
 

ESDDAP 
(mGy) 

ESDoutput 
(mGy) 

Ref CEC 
(1996) 
(mGy) 

0mm Cu 26.4 115 77 64.6 2.93 3.10 30 
0.1mm Cu 34.7 115 77 44.1 2.00 1.99 30 
0.2mm Cu 43.4 115 77 35.9 1.63 1.56 30 

77 kV 

0.3mm Cu 55 115 77 31.4 1.42 1.34 30 
0mm Cu 26.4 115 77 64.6 2.24 1.72 30 

0.1mm Cu 34.7 115 77 44.1 1.56 1.03 30 
0.2mm Cu 43.4 115 77 35.9 1.29 0.78 30 

93 kV 

0.3mm Cu 55 115 77 31.4 1.14 0.63 30 

 

Although it was not our purpose to evaluate image quality, the exposure 

index resulting from all radiographic images from this experiment could be a useful 

feedback indicator about the appropriate exposure level. AGFA exposure index is 

labelled as lgM and it indicates how close the actual detector dose is at the 

expected dose. Exposure index lgM is related to detector exposure and it does not 

replace patient dose related parameters such as DAP or ESD. 
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125kV; 0mm Cu; 
2.04 lgM 

125kV; 0.1mm Cu; 
2.03 lgM 

  

125kV; 0.2mm Cu; 
2.04 lgM 

125kV; 0.3mm Cu; 
2.04 lgM 

Figure 50 – Chest PA@125kV with Cu filtration and lgM 

 

In chest phantom PA radiograph lgM values are quite similar (2.04; 2.03) at 

125 kV (figure 50). This indicates a similar exposure at the CR detector at different 

filtrations. This should indicate that a proper exposure at the detector produces an 

accurate image. In this case it is important to remind that at different beam 

filtration exposure at the detector is quite similar, but patient ESD could be 

reduced by 52% (ESDDAP) at 125 kV when increasing beam filtration from 0mm Cu 

to 0.3mm Cu. No substantial differences are found in exposure index (lgM) when 

using additional filtration. 
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The same result occurs when phantom’s AP and lateral lumbar spine 

radiographs are obtained. CR digital radiographs obtained with copper filtration 

were similar concerning exposure index lgM as radiographs obtained without Cu 

filtration (figure 51). At 70kV (AP projection) lgM value ranges from 1.62-1.65 at 

different filtrations. At 93kV (lateral projection) lgM ranges from 1.52-1.59.  

70kV; 0mm Cu; 
1.65 lgM 

70kV; 0.1mm Cu; 
1.62 lgM 

70kV; 0.2mm Cu; 
1.65 lgM 

70kV; 0.3mm Cu; 
1.65 lgM 

93kV; 0mm Cu; 
1.52 lgM 

93kV; 0.1mm Cu; 
1.56 lgM 

93kV; 0.2mm Cu; 
1.56 lgM 

93kV; 0.3mm Cu; 
1.59 lgM 

Figure 51 – Lumbar spine (AP & lateral) with Cu filtration and lgM 

In both projections and exposures it is important to remind a nearly 50% 

ESD reduction when exposing the phantom. 

A considerable ESD reduction is achievable when using the most adequate 

exposure parameters. This experiment in two phantoms suggests that ESD could 

be significantly reduced in a CR system when using beam filtering. Findings 

should be further evaluated in a wider variety of clinical studies and image quality 

studies should be developed. Exposure index lgM in several examinations from 

patients will be further presented in next topic. 
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6.4 Dose and image quality evaluation 

 

6.4.1. Exposure Index (lgM) 

 

In this part of the study, lgM from 265 exposures from several orthopaedic 

radiological examinations was evaluated. Table 17 summarizes the results of lgM 

in orthopaedic radiological examinations considered for this evaluation. The table 

shows that in the 5 most requested examinations (knee; foot; pelvis; shoulder; and 

lumbar vertebrae) lgM mean value is higher or equal than 2.04. As an example, 

knee is the most requested examination (n=73; 28%) where lgM mean is higher 

(2.35) ranging from 1.77 to 2.62 (range 0.85). A wide range of lgM for most of the 

examinations can be found. This is an evidence that the lgM range varies 

considerably among the same examination (e.g. knee: 0.85; pelvis: 0.95; shoulder: 

1.11). 

Table 17 – Exposure index lgM in orthopaedic radiological examinations 

Examination Count Mean (Max-Min) SD Range 

wrist (with cast) 3 2.69 (2.76-2.62) 0.10 0.14 
leg 3 2.39 (2.46-2.33) 0.07 0.13 
knee 73 2.35 (2.62-1.77) 0.17 0.85 
foot 19 2.25 (2.59-1.87) 0.21 0.72 
elbow 2 2.24 (2.26-2.23) 0.02 0.03 
wrist 12 2.21 (2.53-1.84) 0.25 0.69 
pelvis 17 2.13 (2.56-1.61) 0.23 0.95 
shoulder 28 2.09 (2.49-1.38) 0.28 1.11 
pelvis orthostatic 6 2.07 (2.36-1.90) 0.16 0.46 
calcaneus 3 2.05 (2.30-1.87) 0.22 0.43 
lumbosacral junction 4 2.04 (2.30-1.67) 0.31 0.63 
lumbar vertebrae1 24 2.04 (2.62-1.44) 0.29 1.18 
ankle 8 2.03 (2.43-1.77) 0.20 0.66 
hip 6 2.02 (2.30-1.51) 0.32 0.79 
hand 4 2.00 (2.10-1.87) 0.12 0.23 
cervical vertebrae 14 1.93 (2.33-1.67) 0.19 0.66 
hand digits 8 1.86 (2.20-1.38) 0.28 0.82 
patella 25 1.86 (2.98-1.02) 0.43 1.96 
foot digits 6 1.76 (1.87-1.61) 0.12 0.26 

N=265  
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The mean value of lgM in this sample is 2.14. One sample t-test at a 

significance level of 5% shows a significant difference (p=0.000 ≤0.05) from the 

1.96 lgM reference value. 

 

Figure 52 – Histogram of lgM 

Histogram (figure 52) shows the majority of exposures above the reference 

values: 72% are above the 1.96 lgM and 42% are above the value of 2.26. Above 

this value an lgM value ranging from 2.35 to 2.45 is evidenced at a frequency of 

39%. 

Figure 53 shows that median values of lgM are above 1.96 and below 2.26 

for SC200 (2.16) and SC400 (2.13). The line inside the box indicates the median 

value of lgM. The range of the middle two quartiles is the interquartile range. The 

interquartile range is lower in SC400 (0.30) than in SC200 (0.46). The range 

between upper and lower quartiles is smaller in SC400. The upper edge of the box 

indicates the 75th percentile of lgM (SC200=2.39; SC400=2.30), and the lower 

edge indicates the 25th percentile (SC200=1.93; SC400=2.0). The ends of the 

vertical lines indicate the minimum (SC200=1.31; SC400=1.74) and maximum 

(SC200=2.98; SC400=2.62) data values. The points outside the ends are outliers. 
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Figure 53 – Boxplot of lgM at 200 and 400 Speed Class 

 

Figure 54 compares lgM values in two groups of patients (female; male). 

The lgM median is higher for females both at 200 (2.36) and 400 SC (2.30). 

However, in this group of patients there is no important variability, with an 

interquartile range of 0.43 (SC200) and 0.42 (SC400). In addition, the lgM 

variation between minimum and maximum data values in SC200 (1.54 to 2.98) is 

wider than in SC400 (2.03 to 2.62). 
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Panel variable: Patient sex  
Figure 54 – Boxplot of lgM at 200 and 400 Speed Class comparing female to male patients 
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Male patients have similar median lgM both for SC200 and SC400 (2.07 

and 2.05, respectively). SC400 also exhibits the least variability, with an 

interquartile range of 0.28 and the least difference between minimum and 

maximum data values (1.74 to 2.33). SC200 shows wider interquartile range 

distribution (0.39) and wider lgM values for lower and upper boundaries (1.31 and 

2.59). 

A probability plot of lgM with the reference value of 1.96 and 0.2 SD is 

shown on figures 55 and 56. In those two figures the plot points represent the 

proportion of lgM failures: note that they do not follow the straight line closely. The 

fitted line, which is a graphical representation of the percentiles, indicates the lgM 

1.96 reference. The lateral lines represent the 95% confidence intervals (CI). 
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Figure 55 – Probability plot of lgM comparing female to male patients at 1.96 lgM reference 

 

If the data fits the normal distribution AD value will be closer to zero, and 

the associated p-value will be larger than the chosen α -level (0.05). The 

Anderson-Darling (AD) statistic test shows that both for female and male patients 

the data do not follow the specified distribution (Figure 55). Female patients shows 
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an AD value of 140.180 (p<0.001) and male patients show an AD value of 19.870 

(p<0.001). Despite the fact that results from both groups show a significant 

difference from the normal distribution, male group of patients had a smaller AD 

value which indicates that the results from this group are closer to the normal 

distribution. 

Figure 56 shows the lgM probability plot and compares female to male 

patients at 1.96 lgM reference in SC200 and SC400 respectively. Results for 

SC200 show a significant difference (p<0.001) from the normal distribution for both 

groups of patients. However, lower AD value is found on male patients (19.771) 

when compared to female patients (131.586). This means that for SC200 male 

patient’s lgM is closer to the reference values than female group. 

SC400 shows that the data follow the fitted distribution line fairly closely for 

male patients. AD statistics value is 0.824 and should be considered as normal 

(p>0.250). Female patients in SC400 don’t fit the reference line. The AD statistic 

test (9.459) is not normal (p≤0.001) showing significant statistical difference from 

the reference value. 
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Concerning the patient’s weight, a significant statistical difference is found 

in the normal weight group (female: n=98; AD=127.496; p<0.001; male: n=116; 

AD=13.499; p<0.001). In addition, overweight females (n=21; AD=20.295; 

p<0.001) show a significant difference from 1.96 reference. Although other groups’ 

results don’t fit very well with lgM reference values, no statistically significant 

differences were found in underweight female (n=6), underweight male (n=8) and  

overweight male (n=16) groups. 

Results found in this study seem to indicate that lgM doesn’t follow the 

expected normal distribution. Exposure index values are higher than the 

manufacturer’s reference level of 1.96. Differences in groups of patients indicates 

that exposure technique should be optimized according to patients characteristics 

and sex. Concerning detector speed class (SC) is also evident that is possible to 

use higher SC (e.g. SC400) to make the detector more sensitive and thus 

obtaining an adequate exposure. 

 

6.4.2. CDRAD studies 

 

Imaging performance of two digital systems (CR and DR) was evaluated 

using the CDRAD 2.0 phantom. The phantom was exposed in both systems using 

the same exposure parameters combination (kV and mA.s) for comparison 

purpose. To provide information about the quality of X-Ray beam in both 

radiographic systems half-value layer (HVL) was calculated using a tube potential 

of 81 kV and a tube charge of 50 mA.s. At zero filtration, exposure achieved 5.2 

mGy in CR system 5.3 mGy in DR. The HVL in both systems was obtained at 3 

mm Al filtration and an exposure of 2.6 mGy. As a result, beam quality of both 

systems is quite similar at the same exposure and beam filtration. 
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Systems performance at fixed tube potential (kV) 

 

Systems performance was evaluated at a fixed tube potential of 81 kV and 

tube charge (mA.s) increasing.  Five exposures were performed at a tube charge 

increase of 1.8, 3.6, 7.1, 14 and 28 mA.s. For both digital systems phantom 

entrance surface (mGy) dose was estimated from the DAP device measurement. 

Phantom entrance dose ranged between 0.03-0.45 mGy. Table 18 shows the 

results from signal-to-noise ratio (SNR) measurements, IQFinv indicator of image 

quality and phantom entrance dose (mGy) obtained from CDRAD exposures. 

Table 18 – Signal-to-noise ratio (SNR), Inverse of image quality figure (IQFinv) and Phantom 
entrance dose (mGy) at 81kV and increasing tube charge (mA.s) 

mA.s SNR IQFinv Phantom entrance dose (mGy) 

 DR CR dif DR CR dif DR CR dif % dose 
reduction 

1.8 3.8 3.7 0.2 2.30 2.18 0.12 0.03 0.03 0.00 93% 
3.6 5.4 4.5 0.9 3.19 2.55 0.64 0.06 0.06 0.00 87% 
7.1 7.4 5.6 1.8 4.39 3.00 1.39 0.12 0.11 0.01 75% 
14 9.6 7.2 2.4 5.31 3.68 1.63 0.23 0.22 0.01 50% 
28 12.9 7.8 5.1 6.22 4.54 1.68 0.45 0.43 0.02 0% 

 

Figure 57 shows CDRAD contrast-detail diagram and IQFInv as calculated 

and plotted by Artinis® software. The dots in each plot represent the detected 

holes and the line across the plot represents the contrast-detail curve. IQFInv 

value is also provided. 
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Figure 57 – CDRAD Contrast Detail Diagram and IQFinv at fixed kV and different mA.s 
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From the obtained images it was possible to calculate SNR at different dose 

levels. At 0.45/0.43 mGy (100% phantom entrance dose; 0% dose reduction) SNR 

difference between systems is 5.1. At lower doses 0.03/0.03 mGy (93% dose 

reduction) the difference is 0.2 which is almost equivalent in both systems. At 

higher phantom entrance doses DR system provided better SNR when compared 

to CR. When comparing both systems performance the SNR difference decreases 

when dose reduction is achieved (figure 58). The DR flat-panel system provided 

equivalent SNR results compared with CR with respect to a dose reduction rate 

higher than 87%. At higher doses (up to 74% dose reduction) the DR system 

shows an ability to dramatically increase SNR results (7.4-12.9) when compared to 

CR (5.6-7.8). 
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Figure 58 – Signal-to-noise ratio (SNR) and dose reduction (%) at fixed tube potential 

 

Compared with CR, flat panel detector provided higher IQFInv values, 

ensuring a better image quality with respect to contrast and detail detectability 

(IQFInv). At a dose reduction of 87% and 93%, IQFInv for DR and CR were almost 

equivalent. Figure 59 presents IQFInv values obtained from the phantom images 

as a function of dose reduction. Overall, the contrast–detail study showed a better 

low-contrast performance of the DR system compared with the CR system for 

dose reduction up to 74%. With respect to dose reduction rates higher than 87% 
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no important difference can be observed (0.12 at 93% reduction; 0.64 at 87% 

reduction). 
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Figure 59 – Inverse Image Quality Figure (IQFInv) and dose reduction (%) at fixed tube 
potential 

 

Figure 60 present IQFInv values obtained from CDRAD images as a 

function of phantom entrance dose (mGy). 
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Figure 60 – Inverse Image Quality Figure (IQFInv) and phantom entrance (mGy) at fixed tube 

potential 
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Phantom entrance dose ranged between 0.03-0.45 mGy Overall, the 

contrast-detail study shows better low-contrast performance of DR system when 

compared with CR for phantom entrance doses higher than 0.1mGy (DR: 4.39-

6.22; CR: 3.00-4.54). Below 0.1 mGy no important differences can be observed 

(DR: 2.30-3.19; CR: 2.18-2.55) and thus no important differences in low-contrast 

object detection are detected. 

The differences found have impact on the number of detected holes in 

CDRAD phantom. Although both systems can provide a detection rate above 50%, 

at the same phantom entrance exposure (figure 61), only DR can achieve a 

detection score above 75% (IQFInv ≥ 9.6). CR system performance ranges 

between 50-75% (IQFInv ≥ 2.18; ≤ 4.54). 
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Figure 61 – Inverse Image Quality Figure (IQFInv) and detected holes (%) at fixed tube 
potential 

 

According to these results, when exposure (mGy) to the phantom varies 

with tube charge variation (mA.s), results seem to indicate that the evaluated DR 

system provide superior performance concerning low-contrast objects when 

compared to CR system. Exceptions to this trend were noted at a dose reduction 

higher than 87% and phantom entrance doses lower than 0.1 mGy, where no 

important differences were found between systems. 
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Systems performance at fixed tube charge (mA.s) 

 

Systems performance was evaluated at a fixed tube charge of 7.1 mA.s and 

tube potential (kV) increasing.  Five exposures were performed at a tube potential 

increase of 57, 68, 81, 93 and 105 kV. For both digital systems phantom entrance 

surface (mGy) dose was estimated from the DAP device measurement. Phantom 

entrance dose ranged between 0.05-0.18 mGy. Table 19 shows the results from 

signal-to-noise ratio (SNR) measurements, IQFinv indicator of image quality and 

phantom entrance dose (mGy) obtained from CDRAD exposures. 

 

Table 19 – Signal-to-noise ratio (SNR), Inverse of image quality figure (IQFinv) and Phantom 
entrance dose (mGy) at 7.1 mA.s and increasing tube potential (kV) 

kV SNR IQFinv Phantom entrance dose (mGy) 

 DR CR dif DR CR dif DR CR dif % dose 
reduction 

57 3.5 4.4 -0.9 2.41 2.19 0.22 0.05 0.05 0.00 68% 
68 5.4 5.8 -0.4 3.33 3.01 0.32 0.08 0.08 0.00 53% 
81 7.4 6.9 0.5 4.14 3.13 1.01 0.12 0.11 0.01 35% 
93 9.2 7.1 2.0 4.53 3.65 0.88 0.15 0.14 0.01 17% 
105 9.8 7.0 2.7 5.34 3.69 1.65 0.18 0.17 0.01 0% 

 

Figure 62 shows CDRAD contrast-detail diagram and IQFInv as calculated 

and plotted by Artinis® software. The dots in each plot represent the detected 

holes and the line across the plot represents the contrast-detail curve. IQFInv 

value is also provided. In DR system the IQFInv ranges between 2.41 at 57 kV to 

5.34 at 105kV. In CR a range between 2.19 at 57 kV and 3.69 at 105 kV is 

observed. In all tube potentials DR system shows a better contrast-detail 

performance than CR, ensuring a better image quality with respect to contrast and 

detail detectability (IQFInv). 
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Figure 62 – CDRAD Contrast Detail Diagram and IQFinv at fixed mA.s and different kV 
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From the obtained images it was possible to calculate SNR at different dose 

levels. At 0.18/0.17 mGy (100% phantom entrance dose; 0% dose reduction) SNR 

difference between systems is 2.7. At lower doses 0.05/0.05 mGy (68% dose 

reduction) and 0.08/0.08 mGy (53% dose reduction) SNR difference is -0.9 and -

0.4, respectively. At lower doses using a fixed tube charge of 7.1 mA.s, CR system 

provides a better SNR (4.4; 5.8) than DR (3.5; 5.4). At higher phantom entrance 

doses DR system provided better SNR (7.4; 9.2; 9.8) when compared to CR (6.9; 

7.1; 7.0). When comparing both systems performance concerning SNR, the 

difference decreases when dose reduction is achieved at 35% (figure 63). Above 

53% dose reduction SNR seems to be similar between systems or higher in CR 

system at 68% dose reduction. At higher doses (up to 17% dose reduction) the DR 

system shows an ability to modestly increase SNR results (9.2-9.8). CR system 

shows a similar SNR result at a dose reduction up to 17% (7.1-7.0). 
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Figure 63 – Signal-to-noise ratio (SNR) and dose reduction (%) at fixed tube charge 

 

Compared with CR, DR detector provided higher IQFInv values, ensuring a 

better image quality with respect to contrast and detail detectability (IQFInv) at a 

dose reduction up to 53%, IQFInv for DR and CR were almost equivalent at 68% 

dose reduction (2.41; 2.19). Figure 64 presents IQFInv values obtained from the 

phantom images as a function of dose reduction. Overall, the contrast–detail study 
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showed a better low-contrast performance of the DR system compared with the 

CR system for dose reduction up to 53%.  
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Figure 64 – Inverse Image Quality Figure (IQFInv) and dose reduction (%) at fixed tube 
charge 

 

Figure 65 present IQFInv values obtained from CDRAD images as a 

function of phantom entrance dose (mGy). 
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Figure 65 – Inverse Image Quality Figure (IQFInv) and phantom entrance (mGy) at fixed tube 
charge 
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Phantom entrance dose ranged between 0.05-0.18 mGy. Overall, the 

contrast-detail study shows better low-contrast performance of DR system when 

compared with CR for phantom entrance doses higher than 0.1mGy (DR: 4.14-

5.34; CR: 3.13-3.69). Below 0.1 mGy no important differences can be observed 

(DR: 2.41-3.33; CR: 2.19-3.01) and thus no important differences in low-contrast 

object detection are detected. 

The number of detected holes in CDRAD phantom in both systems can 

provide a detection rate between 50-75% (IQFInv ≥2.19; ≤4.53). Although DR 

system performance is better than CR at the same phantom entrance exposure, 

DR can achieve a detection score above 75% (IQFInv = 5.34) only at 105 kV 

(figure 66). 
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Figure 66 – Inverse Image Quality Figure (IQFInv) and detected holes (%) at fixed tube 
charge 

 

According to these results, when exposure (mGy) to the phantom varies 

with tube potential variation (kV), results seem to indicate that the evaluated DR 

system provide superior performance concerning low-contrast objects when 

compared to CR system. Exceptions to this trend were noted at a dose reduction 

by 68% and phantom entrance doses lower than 0.05mGy, where no important 

differences were found between systems. 
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The results show that when using a fixed tube charge (in this case 7.1 

mA.s) exposure entrance dose doesn’t exceed 0.18mGy using a tube potential 

variation from 57 to 105 kV. On the contrary, when performing mA.s variation 

phantom entrance dose increased up to 0.45 mGy. IQFInv and image quality 

seem to be mostly affected with dose and thus the number of low-contrast objects 

detected is mostly affected by tube charge increase and thus dose increase.  

 

6.5 Digital images and diagnostic quality perception 

 

 

6.5.1. Images of anthropomorphic phantoms evaluation 

 

i) Chest phantom 

 

Observer’s performance 

 

To estimate the correspondent ROC curve for each reader (Figure 67) a 

proper binormal ROC model (Metz, 1999) was used, since the binormal model 

(Metz, 1998) produced degenerated ROC curves. The results evidence diagnostic 

accuracy performance from 6 different observers and AUC for each observer was 

calculated under the proper binormal ROC model (Table 20). AUC values range 

between 0.7207 and 0.8593. The results show that observers 3, 4 and 5 have a 

better diagnostic accuracy performance (0.8424≤AUC≤0.8593) than observers 1, 

2 and 6 (0.7207≤AUC≤0.7731).  
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Table 20 – AUCs under proper binormal assumption for 6 observers 

Observers AUC 

Obser. 1 0.7289 
Obser. 2 0.7731 
Obser. 3 0.8432 
Obser. 4 0.8593 
Obser. 5 0.8424 
Obser. 6 0.7207 

 

ROC curves evidencing the diagnostic accuracy performance of the 6 

observers are shown in figure 67. 

 
Figure 67 – ROC curves and 6 observers performance 

 

According to this plot, the observer 4 evidences the best performance which 

ROC curve is closer to the corner (0,1) of the unit square. Observer 1 ROC curve 

denotes the worst performance. 
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Tube potential variation 

 

Typically MRMC ROC studies involve C patients (with or without disease), 

T≥2 treatments and R readers. In this study C=7 (phantom with no lesions and 

phantom with each lesion position), T=5 tube potential exposures and R=6 

Radiologists. In this experiment the readers and the lesions were not selected 

randomly, so, in order to test the hypothesis that the average value of the AUC 

pseudo values did not differ significantly, (H0 : α 81kV = α 90kV =…= α 141kV), a 

factorial model with fixed effects without replicates was used: 

( ) ( ) ( ) 7,..,1 6;,...,1  ;5,..,1  , ===+++++++= kjiy ijkjkikijkjiijk εβγαβαβγβαµ  (6.1) 

 

The DBM MRMC 2.2 software only considers the following type of analysis: 

(i) both readers and cases as random samples (the traditional MRMC analysis), (ii) 

only cases as random samples; (iii) treating readers as random samples. In this 

experiment none of these situations is identified. Hence, we used DMB MRMC 2.2 

to estimate the AUC pseudo values and R software to make the variance analysis 

of factorial fixed effects. 

The AUC’s used to calculate the pseudo values were estimated using the 

contaminated binormal model (Roe, 1997). This option was due to the fact that 

binormal model produced degenerated ROC curves and the application of 

PROPROC model produced very low false positive fractions. 

Table 21 shows exposure parameters and DAP obtained from chest 

phantom exposures in this experiment. A DAP decrease (10.8-6.6 µGy*m2) is 

observed when tube potential (kV) increases from 81 to 141kV. The same occurs 

with tube charge (mA.s) when increasing tube potential. 
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Table 21 – Exposure parameters and DAP obtained from chest phantom exposures 

kV mA.s 
DAP 

(µGy*m2) 
81 4.19 10.8 
90 3.11 9.5 
109 1.97 8.0 
125 1.38 7.1 
141 1.2 6.6 

 

A p-value of 0.89 was obtained for the ANOVA test and no significant 

difference between tube potentials was found when analysing expected 

differences in lesion detection by observers. According to these results, a higher 

tube potential (≥125 kV) should be an option when performing chest radiography 

in a CR system. This option involves less risk for the patients concerning 

exposure. Additionally, this option doesn’t seem to affect lesion detectability and 

thus ALARA principle is followed. Tube potential (kV) variation doesn’t seem to 

influence the detection of simulated chest lesions in a CR system. 

 

  

ii) Bone phantom 

 

This study aimed to evaluate observer’s response when evaluating images 

performed with a different exposure technique. Observers were asked to evaluate 

11 images divided in 10 regions, by a method based on lesion detection and a 

method based on visibility of anatomical structures. Firstly, they were asked to 

identify their degree of confidence concerning the presence or absence of a lesion. 

Secondly, they were asked to give a grade (Visual Grading Analysis - VGA) to 

each image, compared with a reference image.  

Ten phantom regions (right – R; and left – L) were evaluated in 11 different 

radiographs performed at different exposure techniques. Five regions were normal 
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(R1; R3; R5; L1; L2) and 5 other regions of the bone specimen contained 

simulated drilled lesions (R2; R4; L3; L4; L5). 

Table 22 shows exposure parameters technique and ESD obtained in each 

exposure combination. Exposures ranged from 52 kV to 81 kV and 32 mA.s to 64 

mA.s. Exposure range as recommended by DIMOND III project (Busch, 2004) (60-

75 kV) is highlighted in the table. 

 

Table 22 - Exposure parameters technique and ESD in bone phantom radiographs 

 Image # kV mA.s 
ESD 

(mGy) 
 1 52 50 2.50 
 2 55 50 2.50 

3 60 64 3.20 
4 63 64 3.20 
5 66 64 3.20 
6 70 32 1.60 
7 70 64 3.20 
8 73 32 1.60 

D
IM

O
N

D
 II

I (
60

-7
5 

kV
) 

9 73 64 3.20 
 10 77 32 1.60 
 11 81 40 2.00 

 

The results obtained from observers perception were calculated as a 

percentage score (%) of correct observations in each image, as is shown in figure 

68. Correct observations score ranges from 55.0% (image 8) to 63.3% (image 9). 

The figure shows that the technique groups are quite approximate and no 

important differences in image perception is observed. In the case of images 

scored higher or equal to 60% (images 9, 5, 6, 11) important differences in tube 

potential and tube charge can be observed, but the number of correct 

observations is quite similar. As an example, image 6 was performed using a 

combination of 70 kV and 32 mA.s and image 9 with a combination of 73 kV and 

64 mA.s. These technique combinations have impact on dose. Image 6 requires 

lower dose (1.6 mGy) than image 9 (3.2 mGy), but observers’ perception scores 

are quite similar: 63.3% and 61.7%, respectively. 
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Figure 68 –Percent of correct observations (%) 

 

VGA analysis plot shown in figure 69 indicates a mean value variation in all 

images.  
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Figure 69 – VGAS in all phantom evaluated images 

The best image quality using VGA was the technique group 70 kV; 64 mA.s 

(Image #7, VGA=0.06). All other images were scored below zero (equal to the 
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reference image). VGA values in all observations were above -1 (slightly worse 

than reference image). 

The Friedman test was used to test if any significant difference between 

observers could be found at a p value ≤0.05 in the different image regions. Tables 

22 and 23 show observers (n=6) mean rank values in 11 images concerning each 

evaluated region, the statistic test values (Chi-Square 2χ  and 10 degrees of 

freedom) and p-values from the test.  

Concerning the 5 regions with lesion (table 23) no significant differences 

between observers were found in 4 of them (p>0.05): R4 (3mm lesion), p=0.224; 

L3 (1mm lesion), p=0.605; L4 (2mm lesion), p=0.456; and L5 (1mm lesion), 

p=0.333. A statistically significant difference between observers was found in 

region R2 (2mm lesion), 2χ (10, n=6) =19.987, p=0.029. 

 
Table 23 – Friedman Test mean rank in 5 observed regions with lesion 

Image N 
R2 

(2mm) 
R4 

(3mm) 
L3 

(1mm) 
L4 

(2mm) 
L5 

(1mm) 

Image 1 6 4.17 5.25 6.17 5.42 8.33 

Image 2 6 6.58 3.67 6.58 7.17 6.00 

Image 3 6 5.67 3.92 5.42 7.50 6.67 

Image 4 6 4.08 5.00 5.33 6.67 6.75 

Image 5 6 5.67 6.58 5.92 6.25 5.50 

Image 6 6 4.50 6.25 6.17 6.83 4.83 

Image 7 6 7.83 6.67 7.50 5.75 5.25 

Image 8 6 4.92 6.67 4.50 3.83 5.00 

Image 9 6 8.08 7.42 6.58 5.75 5.25 

Image 10 6 7.25 7.00 6.58 5.75 5.83 

Image 11 6 7.25 7.58 5.25 5.08 6.58 

Chi-Square   19.987 12.992 8.248 9.824 11.326 

df   10 10 10 10 10 

Asymp. Sig.   0.029 0.224 0.605 0.456 0.333 

 

Concerning the 5 regions with no lesion (table 24) no significant differences 

between observers were found in 4 of them (p>0.05): R1, p=0.119; R3, p=0.270; 

R5, p=0.240; and L1, p=0.088. A statistically significant difference between 

observers was found in region L2, 2χ (10, n=6) =20.878, p=0.022. 
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Table 24 – Friedman Test mean rank in 5 observed regions with no lesion 

Image N R1 R3 R5 L1 L2 

Image 1 6 4.92 7.25 7.50 3.67 4.83 

Image 2 6 5.83 7.25 5.00 5.67 7.75 

Image 3 6 6.67 5.25 5.33 5.25 4.42 

Image 4 6 5.83 7.33 5.25 5.17 5.33 

Image 5 6 4.92 5.67 7.33 6.00 3.67 

Image 6 6 5.83 4.50 4.75 5.83 4.42 

Image 7 6 7.08 6.17 4.75 8.58 8.58 

Image 8 6 6.67 5.42 6.17 5.83 6.00 

Image 9 6 4.92 4.50 6.33 7.58 6.58 

Image 10 6 6.67 6.33 8.33 5.83 6.92 

Image 11 6 6.67 6.33 5.25 6.58 7.50 

Chi-Square   15.375 12.229 12.710 16.439 20.878 

df   10 10 10 10 10 

Asymp. Sig.   0.119 0.270 0.240 0.088 0.022 

 

The results of this test suggest that in 8 of 10 evaluated regions no 

significant differences between observers are found (p>0.05). Only two regions - 

R2 (with lesion) and L2 (no lesion) - provide a significant difference between 

observers (p≤0.05). This result reveals an inter-observer variability in detection of 

an osteolytic lesion of 2mm in R2 and a normal case in region L2, but the same is 

not true for similar pair of regions such as R3/L3 (1mm lesion) and R5/L5 (1mm 

lesion). This could be related with lesion diameter in L3 and L5 which is thinner 

than R2, thus more difficult to be visualized by observers. On the other hand, no 

differences between observers were found in region R4 where lesion diameter is 

3mm. 

Comparing the mean ranks for the 11 sets of image scores in each region, it 

appears that the highest value is not constant in a single or a specific group of 

images. Higher region scores could be found in different images, produced with 

different exposures. Variation of exposure parameters, using 11 tube potential and 

tube charge combinations - ranging from 52 kV to 81 kV and from 32 mA.s to 64 

mA.s, respectively - didn’t seem to influence lesion detection by observers 

concerning the presence or absence of osteolytic lesions. 
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. According to these results no important differences in observer’s 

perception in images were found when exposure variation was performed. 

Exposure variation and dose doesn’t seem to affect the observers’ perception and 

diagnostic quality. 

The detection of osteolytic lesions doesn’t seem to be influenced by the 

variation of the tube potential or exposure time. Variation of exposure parameters 

did not provide a clear distinction between images as result of the observers’ 

perception. In this case lesion identification is not influenced by using higher dose 

/higher exposure time techniques. 

 

6.5.2. Patient images evaluation 

 

Exposure factors taken from DICOM tag in a DR system 

 

Table 25 shows exposure parameters (tube potential and tube charge). 

DAP (mGy*cm2) taken from images DICOM tag and ESD (mGy) estimated from 

DAP in a sample of lumbar spine digital radiographs (AP and lateral projections). 

All lumbar spine AP radiographs (n=18) were obtained using a tube 

potential equal or higher than 77 kV (table 25). Images 9 and 11 were performed 

with a tube potential of 81 kV and 78kV, respectively. Tube charge (mA.s) ranged 

between 9 mA.s (image 6) and 38 mA.s (image 17). A tube charge between 13 

and 24 mA.s is observed in 72% of cases (n=13). 
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Table 25 – Exposure parameters (kV and mA.s) and dose values (DAP and ESD) 

AP Projection Lateral projection 

Image kV mA.s 
DAP 

(mGy*cm
2
) 

ESD 
(mGy) 

Image kV mA.s 
DAP 

(mGy*cm
2
) 

ESD 
(mGy) 

1 77 14 554.3 0.895 1 90 31 1613.8 2.459 
2 77 12 542.9 0.998 2 90 9 486.4 0.657 
3 77 10 405.5 0.612 3 90 11 984 1.244 
4 77 14 1400 2.098 4 90 13 1173.8 1.313 
5 77 20 841.5 1.463 5 90 19 1630.4 1.671 
6 77 9 572.5 0.685 6 90 15 1032.6 1.438 
7 77 13 582.9 0.861 7 90 18 982.6 1.321 
8 77 11 739.8 0.942 8 90 9 709.3 0.863 
9 81 18 754.9 1.295 9 90 50 2694.5 3.704 
10 77 17 815.9 1.238 10 90 24 2211.2 2.476 
11 78 25 908.2 1.828 11 90 24 1766.9 2.199 
12 77 15 657.2 0.992 12 90 12 767.6 1.064 
13 77 21 1152.8 2.651 13 90 46 2138.3 3.726 
14 77 21 841.5 1.117 14 90 11 980.7 1.238 
15 77 13 550.6 0.998 15 90 16 1038.9 1.695 
16 77 25 1564.2 2.146 16 90 40 3879.5 5.337 
17 77 38 2249.3 2.165 17 90 19 1284.4 1.829 
18 77 13 578.6 0.979 18 90 20 1356 1.816 

 

All lateral lumbar spine projections (n=18) were obtained using a 90 kV tube 

potential. Tube charge ranged between 9 mA.s (image 8) and 50 mA.s (image 9). 

According to the results, 78% of exposures (n=14) range between 9 and 24 mA.s. 

 

DAP measures and estimated ESD 

 

In AP projection DAP measures taken from DICOM tag file ranged between 

405.5 mGy*cm2 (image 3) and 2249.3 mGy*cm2 (image 17). In lateral projection 

DAP ranged from 486.4 mGy*cm2 (image 2) and 3879.5 mGy.cm2 (image 16). 

As already stated in methodology chapter, ESD was estimated from DAP 

using an equation proposed by Toivonen (2001). This method is based on DAP 

measures and exposure field area (cm) available at the DICOM tag file from each 
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evaluated image. Estimated ESD ranged from 0.612 mGy (image 3) and 2.651 

mGy (image 13) in AP projection. In lateral projection ESD ranged from 0.657 

mGy (image 2) e 5.337 mGy (image 16). 

The third quartile values (75th percentile) for the estimated ESD were 1.74 

mGy for the AP projection and 2.39 mGy for the lateral projection  

Figure 70 shows estimated ESD variation in all AP observations (n=18) and 

ESD reference values: 1.74mGy for 75th percentile and 5mGy (DRL in UK). Image 

13 represents the higher ESD value (2.65mGy) and image 6 the lower ESD (0.69 

mGy). Five Images (4, 11, 13, 16 and 17) provide ESD values higher than the 75th 

percentile calculated for this projection (ESD ≥1.83 mGy). All exposures are far 

below UK DRL reference of 5 mGy. 
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Figure 70 – Estimated ESD in AP Lumbar Spine projection 

 

Figure 71 shows estimated ESD variation in all lateral lumbar spine 

observations (n=18) and ESD reference values: 2.39 mGy for 75th percentile and 

11 mGy (DRL in UK). 
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Figure 71 – Estimated ESD in lateral Lumbar Spine projection 

 

Image 16 represents the higher ESD value (5.34 mGy) and image 2 the 

lower ESD (0.66 mGy). Five images (1, 9, 10, 13 and 16) provide ESD values 

higher than the 75th percentile calculated for this projection (ESD ≥2.39 mGy). All 

exposures are far below UK DRL reference of 11 mGy. 

Table 26 shows statistics for ESD (minimum. maximum and percentiles - 

25th; 50th; 75th) in AP and lateral projections.  

 

Table 26 – ESD statistics (min. max and percentiles) in AP and lateral projections 

  ESD (mGy) 

 AP Lateral 

min 0.61 0.61 

25th P 0.95 1.26 

50th P 1.06 

less or equal 
1.06 mGy 

1.68 

less or equal 
1.68 mGy 

75th P 1.74 2.39 

max 2.65 
higher than 
1.06 mGy 5.34 

higher than 
1.68 mGy 
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Results from table 26 were used to create two reference groups in each 

projection. The groups were created to provide a comparison between VGAS at 

different ESD levels. The exposure level groups were created using the median 

(50th percentile) as reference: for AP projection - a group less or equal 1.06 mGy 

and a group higher than 1.06 mGy; for lateral projection - a group less or equal 

1.68 mGy and a group higher than 1.68 mGy. The reference groups will help in 

VGAS analysis provided in next two topics. 

 

Visual Grading Analysis Score (VGAS) – AP projection 

 

As stated before, two reference images (AP and lateral) were chosen with 

the purpose to be compared with the radiographs from the sample. The reference 

images were in compliance with CEC quality criteria and allow the observers to 

establish a comparative evaluation with the images available in the sample. 

Figure 72 shows VGAS mean result for all images in AP projection (N=18). 

The bar graph shows that image 1 (VGAS = -0.17), images 2, 3 and 10 (VGAS = -

0.31) and image 15 (VGAS = -0.29) present an image quality very close to the 

reference image. However, images 7 (VGAS = -0.60), 8 (VGAS =-0.85), 9 and 11 

(VGAS= -0.91), 12 (VGAS = -0.69), 13 and 16 (VGAS = -0.83), 14 (VGAS = -0.97) 

and 18 (VGAS = -0.77) provide a lower quality (-1≤VGAS<0). Four images (4, 5, 6 

e 17) provide a much lower quality (-2≤VGAS<-1) when compared to the reference 

image (Reference=0). 
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Figure 72 – VGAS in AP Lumbar Spine projection 

 

A VGAS descriptive statistics analysis for AP projection in two ESD groups 

is presented in table 27. VGAS mean value is higher in group “less or equal 1.06 

mGy” (-0.65±0.65) than in group “higher than 1.06 mGy” (-0.93±0.49). The VGAS 

mean value indicates that at lower ESD the VGA Score is better than in higher 

ESD group.  

For group “less or equal 1.06mGy” VGAS varied from -2 to 0.86 

(range=2.86). The 95% confidence interval for mean is from -0.84 (lower bound) to 

-0.45 (upper bound). This group has a normal distribution of scores according to 

Kolmogorov-Smirnov statistic test (p=0.072; p>0.05). 

For group “higher than 1.06 mGy” VGAS varied from -1.86 to 0.57 

(range=2.43). The 95% confidence interval for mean is from -1.08 (lower bound) to 

-0.79 (upper bound). A Kolmogorov-Smirnov statistic test of normality for this 

group indicates a normal VGAS distribution (p=0.200; p>0.05). 
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Table 27 – VGAS descriptive statistics analysis for AP projection in two ESD groups 

ESD group in AP projection 
less or 
equal 

1.06 mGy 

higher 
than 1.06 

mGy 

Mean -.65 -.93 

Lower Bound -.84 -1.08 95% Confidence Interval 
for Mean Upper Bound -.45 -.79 

Median -.57 -1.00 

Variance .42 .24 

Std. Deviation .65 .49 

Minimum -2.00 -1.86 

Maximum .86 .57 

VGAS 

Range 2.86 2.43 

 

To evaluate if there was a significant difference between VGAS mean for 

the two exposure groups a t test for independent groups was performed. The p 

value for independent groups was 0.020 (p<0.05) which indicates that there is a 

statistical difference between the mean VGAS among the two groups of exposure. 

 
Figure 73 – VGAS histogram in two ESD groups for AP projection 
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Histogram distribution of VGAS in both exposure groups is presented in 

figure 73. The figure shows a normal distribution of VGAS in both ESD groups 

where the data follow the shape of the normal curve. 
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Figure 74 – Image criteria and VGAS in two ESD groups for AP projection 
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The results of observers’ perception concerning VGAS mean for each 

image criteria is presented in figure 74 for both exposure groups. The figure plots 

VGAS mean and mean standard error (±1SE). 

All VGAS mean values for each image quality criteria show a decrease in 

image quality in all 7 quality criteria when compared to the reference image. 

Decrease of image quality is evidenced in both ESD exposure groups. In group 

“less or equal 1.06 mGy” all VGAS mean ranges between 0 and -1. The higher 

mean is achieved in criteria “Reproduction of L3 lateral surfaces” (-0.378) and the 

lower mean is for criteria “Reproduction of L3 pedicles” (-0.778). Concerning the 

group “higher than 1.06 mGy” the higher mean score for VGA is achieved in 

criteria “Reproduction of sacro-iliac joints” (-0.822) and the lower score is observed 

in criteria “Reproduction of L3 transverse and spinous process” (-1.311). This 

criteria achieves a mean score lower than -1. All other 6 quality criteria range 

between 0 and -1, although for this group image criteria compliance with the 

reference image shows a clear decrease of image quality. 

 

Visual Grading Analysis Score (VGAS) – Lateral projection 

 

VGAS in lateral projection (figure 75) show that three images present a 

VGA Score higher that the reference image (Reference=0): image 2 (VGAS=0.44); 

image 9 and 13 (VGAS=0.32). This means an increase of image quality when 

compared to the reference image. Image 6 presents a much lower image quality 

(VGAS= -1.20) and all other images (n=14) present a lower image quality (-

1≤VGAS<0) than the reference. 
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Figure 75 – VGAS in lateral Lumbar Spine projection 

 

A VGAS descriptive statistics analysis for lateral projection in two ESD 

groups is presented in table 28. For group “less or equal 1.68 mGy” VGAS varied 

from -2 to 1.00 (range=3.00). The mean value for this exposure group is -0.60 

(sd±0.61). The 95% confidence interval for mean is -0.79 (lower bound) to -0.42 

(upper bound). The sample from this group has a normal distribution of scores 

according to Kolmogorov-Smirnov statistic test (p=0.000; p>0.05). 

Concerning the group “higher than 1.68mGy” VGAS varied from -1.40 to 

1.00 (range=2.40). The mean VGAS value for this group is -0.26 (sd±0.60). The 

95% confidence interval for mean is -0.44 (lower bound) and -0.07 (upper bound). 

Kolmogorov-Smirnov test of normality for this group indicates a normal VGAS 

distribution (p=0.066; p>0.05). 

The t test for equality of means shows a p value for independent groups of 

0.008 (p<0.05) which indicates that there is a statistical difference between the 

mean VGAS in the two groups of exposure in lumbar spine lateral projection. 
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Table 28 – VGAS descriptive statistics analysis for lateral projection in two ESD groups 

ESD group in lateral projection 
less or 
equal 

1.68 mGy 

higher 
than 1.68 

mGy 

Mean -.60 -.26 

Lower Bound -.79 -.44 95% Confidence Interval 
for Mean Upper Bound -.42 -.07 

Median -.80 -.40 

Variance .37 .36 

Std. Deviation .61 .60 

Minimum -2.00 -1.40 

Maximum 1.00 1.00 

VGAS 

Range 3.00 2.40 

 

Histogram distribution of VGAS in both exposure groups is presented in 

figure 76. The figure shows a normal distribution of VGAS in both ESD groups 

where the data follow the shape of the normal curve. 

 
Figure 76 – VGAS histogram in two ESD groups for lateral projection 
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The results of observers’ perception concerning VGAS mean for each 

image criteria in lateral projection is presented in figure 77 for both exposure 

groups. The figure plots VGAS mean and mean standard error (±1SE). 
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Figure 77 – Image criteria and VGAS in two ESD groups for lateral projection 
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All VGAS mean values for each image quality criteria for group “less or 

equal to 1.68 mGy” show a decrease in image quality in all 5 quality criteria when 

compared to the reference image. In this exposure group all VGAS mean ranges 

between 0 and -1. The higher mean is achieved in criteria “Reproduction of 

trabecular and cortical bone” (-0.444) and the lower mean is for criteria 

“Reproduction of pedicles and intervertebral foramina” (-0.778). 

Concerning the group “higher than 1.68 mGy” the higher mean score for 

VGA is achieved in criteria “Reproduction of trabecular and cortical bone” (0.044) 

and the lower score is observed in criteria “Reproduction of pedicles and 

intervertebral foramina” (-0.467). All other 6 quality criteria range between -1 and 

1, evidencing that image criteria in this group has a better compliance with the 

reference image. 

 

VGAS interobserver variability 

 

Interobserver variability concerning VGAS for each projection was 

performed to explore observer’s impact on image quality perception. A One-Way 

ANOVA procedure was performed to produce a one-way analysis of variance for 

VGAS variable by a single factor (observer) independent variable. 

A one-way between groups analysis of variance was conducted to explore 

the impact of observers’ perception on image quality (VGAS). Exposures were 

divided in two ESD exposure groups in AP and lateral projection as stated before. 

Concerning AP projection at “less or equal 1.06 mGy“ group there was a 

statistically significant difference at the p≤0.05 level in VGAS for the following 

quality criteria: Reproduction of L3 upper and lower-plate surfaces (p=0.035); 

Reproduction of L3 lateral surfaces (p=0.010); Reproduction of L3 pedicles 

(p=0.000); Reproduction of L3 transverse and spinous process (p=0.000); 

Visualization of adjacent soft tissues (p=0.006). At “higher than 1.06 mGy “ group 
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there was a statistically significant difference at the p<0.05 level in VGAS for the 

following quality criteria: Reproduction of L3 lateral surfaces (p=0.014); 

Reproduction of L3 pedicles (p=0.032); Reproduction of L3 transverse and spinous 

process (p=0.008); Visualization of adjacent soft tissues (p=0.007); Reproduction 

of sacro-iliac joints (p=0.000). 

Concerning lateral projection no statistically significant difference at the 

p≤0.05 level in VGAS for both ESD exposure groups was found. 

This part of the study has shown that could be useful to evaluate exposure 

factors obtained from the DICOM tag file. DR systems provide this information that 

is acquired when the radiograph is performed. Avoiding unnecessary exposures to 

the patients, radiography auditing is a good option for technique improvement and 

optimization. This strategy of evaluation could contribute to establish and adjust 

local dose reference levels for specific equipment and populations. 
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Chapter 7: General discussion 

 

Digital radiography detectors - based on different technological solutions – 

are currently available for clinical applications and widespread in clinical practice. 

In Portugal both CR and DR systems have been widely used for clinical 

applications since the early 2000s. The trend over the last 10 years has become 

digital. Radiology departments have been changing from traditional screen-film 

technology to digital technology. 

The optimisation of the radiological process concerning image quality and 

reduction of patient exposure in digital radiology systems was the major goal of 

this thesis: How do the exposure parameters influence the diagnostic quality in 

digital systems? What are the acceptable radiation doses for a useful diagnostic 

image? At what level could the dose be reduced maintaining an accurate 

diagnosis? 

In this thesis an attempt has been made to give answers to these questions. 

Factors related with the technical acquisition, the quality of diagnostic image and 

dose management in digital detector systems for projection radiography were 

studied using real cases and phantoms. 

As stated at the introduction - and according to the results - the use of 

complementary evaluation methods should be able to provide a reliable measure 

of system performance and contribute for the optimization of a digital radiography 

system. Physical image quality (as characterized by detector performance metrics) 

is an important factor to provide a reliable diagnostic image. Although - according 

to Tapiovaara (2006) - beyond a certain level of physical image quality the 

performance will saturate. This is because all the important features are already 

visible and no additional image information that would be useful for the radiologist 

can be brought in the image. Consequently, the image quality metrics dependent 

from observer’s perception could be influenced by many factors such as 
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anatomical background, the observer’s skill, inter and intra-observer variability, 

among other factors. 

As a limitation it should be stated that it is difficult to compare the results 

using different evaluation methods. The optimization process should be based on 

a sequence of procedures that are complementary between them and not directly 

comparable. 

In this chapter we discuss the results that were achieved and draw some 

conclusions about the best practices. The chapter is organized in 5 new sections 

for a comprehensive understanding of results: Digital radiology systems 

performance; Digital image and exposure parameters; Dose optimization and 

patient protection; Diagnostic image quality in digital radiology. Finally, a proposal 

of an optimization framework is provided. 

 

7.1 Digital radiology systems performance 

 

The advent of digital radiography systems such as DR and CR brings to 

researchers an opportunity to provide systematic evaluations using standardized 

evaluation methods. The modulation transfer function (MTF), the noise power 

spectra (NPS), and the detective quantum efficiency (DQE) are performance 

quality measurements that can readily be used for optimization, testing, and 

comparison of existing ones (Samei, 2003b).  

The results presented in this thesis are in relation with the method that was 

developed to determine MTF, NPS and DQE in digital systems. The evaluation 

consisted in applying the same technique to a DR and a CR detector in clinical 

use. No calibration of both equipments was performed previously to images 

acquisition. The equipments were tested in their current working conditions. 



Part III – Thesis outcomes and contributions 

 179 

According to our results described in section 6.2, the method we 

implemented allowed to identify differences among detectors performance. An 

unexpected variation in quantitative measures (MTF, NPS and DQE) from the CR 

detector was found. This problem was identified and further corrective actions and 

appropriate quality control should be taken to provide a better detector 

performance. 

Although this evaluation was intended to test system performance, some 

authors state that objective measurements are not enough when evaluating the 

system as a whole. According to Tapiovaara (2006) DQE measurements are 

usually intended to characterise only the image receptor part of the imaging 

system. According to this author, these different tasks are best performed by 

different assessment methods and the outcome is often referred to as technical (or 

physical) image quality or clinical image quality, according to the method to be 

used.  

Quantitative measures to evaluate digital detector performance such as 

MTF, NPS and DQE are currently accepted as the state of the art concerning 

image quality metrics in the frequency domain. It is necessary to further 

investigate the detector behaviour and its influence in image quality as perceived 

by human observers. 

Other image quality metric that we used is described in results reported in 

subsection 6.4.2. This is related to experimental exposures performed in a 

CDRAD phantom. The results show that the DR system provides a better 

performance concerning low-contrast objects when compared to the CR system. 

This experiment was performed using spatial domain images - as they could be 

seen by human observers - and the IQFInv quality score was automatically 

calculated by specific software. Further discussion about this experiment results is 

provided in section 7.3 of this chapter.  

Digital radiology systems performance should constitute the starting point of 

the whole radiological process evaluation. It is necessary to provide a global and 
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comprehensive evaluation model that includes several steps to achieve a 

complete framework of quality optimization. 

 

7.2 Digital image and exposure parameters 

 

As we mentioned a good diagnostic relies on the optimization of exposure 

based on three core aspects of the imaging process: (i) choice of radiographic 

technique; (ii) radiation dose to the patient and; (iii) diagnostic quality of the 

radiographic image. These three aspects are critical for the diagnostic quality of 

the radiographic image. 

Results provided in subsection 6.3.1 show an inadequate technique 

exposure evidenced by a dispersion of exposure parameters without a consistent 

pattern. From the data obtained using a cross-sectional survey responded by 35 

radiographers a wide variation in exposure parameters for the same radiologic 

projection was observed. A wide dispersion in radiographic technique exposure 

parameters with predominance of results below the recommended kV interval and 

above the recommended exposure time is observed. Compared to CEC guidelines 

observations show an inadequate selection of exposure parameters. This could 

configure a practice of overexposure and collected data suggest that ESD could 

be above the reference value in several projections since long exposure times are 

observed in most projections. 

The wide variability found in exposure parameters could be explained by 

differences in equipment technology being used in clinical practice. Some other 

factors that could be in relation with the results are the patients’ clinical condition 

and the skill of the radiographers. Other possible explanation could be the fact that 

there is a lack of implemented local/national recommendations and lack of criteria 

for good radiographic techniques in Portugal. Implementation of local references 

could achieve an ESD reduction between 30 to 60% below the CEC 
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recommendation. It is possible to achieve a dose reduction of 50% without loosing 

image quality when CEC guidelines are well established. 

Further actions should be taken to optimize exposure in plain radiography. 

Results from the survey shows tube potential values (kV) systematically below the 

CEC reference. The use of higher tube potential allows considerable dose 

reduction without loosing image quality. In some projections, results show 

exposure times above the CEC reference and this could configure a practice of 

overexposure to the patients. 

It must be mentioned - as a possible limitation concerning the data - that the 

results from the survey were based on personal experience of radiographers. Data 

was not collected or measured at the time the radiological procedures were being 

carried out. This is important because ESD was not measured or calculated.  

For that reason an additional research was undertaken to evaluate 

exposure parameters and entrance skin dose (ESD) in chest PA and lateral 

radiography. Results provided in subsection 6.3.2 report a comparative study that 

was conducted at two hospitals using the same DR detector technology (a-

Si:H/TFT) from the same manufacturer. 

Digital radiography (DR) systems based on solid state detectors have the 

potential to achieve a considerable dose reduction in chest radiography. However, 

wide variations in patient dose for the same radiographic examinations are known. 

DR technology based on solid state detectors can achieve a dose reduction in 

chest and skeletal radiography of up 33% to 50% without loss of image quality 

when compared with a traditional screen-film radiography system due to its high 

detective quantum efficiency and wide dynamic range. In the field of thoracic and 

skeletal radiography flat-panel detectors have the potential for dose reduction 

compared with conventional SF systems with the same imaging quality. 

The results described in subsection 6.3.2 show that mA.s values differ from 

both equipments. The chest PA mean mA.s is higher in system A (4.7) than in 

system B (1.7). On the contrary the mean mA.s in lateral projection is higher in 
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system B (7.4) when compared with system A (4.5). Exposure time mean in both 

systems is well below the reference of 20ms (PA) and 40ms (lateral). Mean 

exposure time is higher in system A (8.59ms) when compared to system B 

(3.33ms) for PA projection. In lateral projection differences were also identified: 

9.53ms (system A), 14.83ms (system B). Also the mean DAP values (dGy*cm2) 

we found show that in system A DAP values are higher (11.4 PA; 14.3 lateral) than 

in system B (0.8 PA; 3.6 lateral). 

A considerable variation on ESD and exposure time was observed when 

comparing two identical DR systems. Results obtained from DICOM log file 

confirm that wide variations in patient dose and exposure time can be found at the 

same DR detector technology. In system A, the 75th percentile for chest PA is 1.65 

mGy (CEC=0.3 mGy) and in chest lateral projection the 75th percentile is 1.45 

mGy (CEC=1.5 mGy). This means that in PA the ESD value is too much higher 

than CEC reference. Considering system B all values (PA=0.07 mGy; Lat=0.32 

mGy) are well below the CEC reference. 

The results clearly show a need of performance evaluation in order to 

improve procedures. Optimization of procedures concerning the reduction of 

exposure time and ESD are suggested to be implemented in clinical practice. 

Image evaluation studies should also be considered in the optimization process. 

 

7.3 Dose optimization and patient protection 

 

Exposure optimization should contribute to protect patients from 

unnecessary exposures on medical diagnosis and the ALARP (As Low as 

Reasonably Practicable) principle should always be applied in clinical practice. 

According to the United Nations report (UNSCEAR, 2000) the overall mean 

effective dose per examination has increased by about 20% and the annual 

collective effective dose by nearly 50%, from 1991 to 1996. Patient exposures in 
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diagnostic radiology are increasing at an alarming rate for certain radiological 

examinations. 

Diagnostic requirements for digital projection radiography and European 

guidelines on quality criteria for diagnostic radiographic images provide 

recommendations for good radiographic technique by which the diagnostic 

requirements and the dose criteria can be achieved (Busch, 2004; CEC, 1996). 

These recommendations define diagnostic requirements for a normal, basic 

radiograph, specifying anatomical image criteria and important image details; 

indicate criteria for the radiation dose delivered to the patient and give an example 

for good radiographic technique by which the diagnostic requirements and the 

dose criteria can be achieved. 

The exposure parameters influence and determine the intensity and quality 

of the X-Ray beam. The choice of the most adequate radiographic technique to 

each clinical situation involves the selection of the correct exposure parameters 

and beam filtration. Additionally, the beam filtration can contribute for an ESD 

reduction to the patient (Kohn, 1988). Additional filtrations exceeding 4 mm Al 

allows a significant reduction of nearly 50% of doses. Chest radiographs obtained 

in a Digital Radiography (DR) system with copper (Cu) filtration were of similar 

image quality as radiographs obtained without copper filtration and a patient dose 

reduction of 31% was estimated with Monte Carlo calculations (Hamer, 2005). 

Subsection 6.3.3 show the results of an experimental study performed in a 

chest and a whole body phantom using a CR system. A considerable ESD 

reduction was achieved when using the most adequate exposure parameters and 

beam filtration for chest PA and lumbar spine (AP and lateral). This experiment in 

two phantoms suggests that ESD could be significantly reduced in a CR system 

when using beam filtering and exposure parameters as recommended by CEC 

guidelines. Although results show an important decrease of ESD in chest and 

lumbar spine, findings should be further evaluated in a wider variety of clinical 

studies and image quality studies should be developed. 
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Manufacturers provide a wide variation of different exposure index scales to 

measure the radiation exposure at the detector. Exposure index is in relation to the 

absorbed dose at the phosphor plate and is determined by the pixel values. For 

AGFA CR systems the exposure index is called lgM (Log of median exposure) 

value and provides the dose feedback indicator.  

The results analysis from subsection 6.4.1 shows that lgM is far above the 

recommended target of 1.96. At least 42% of evaluated exposures were above the 

upper limit of 2.26, which indicates that the imaging plate receives at least double 

the exposure necessary to produce an adequate image. Findings also show that 

lgM is higher in female patients than in male patients.  

This may present a real clinical problem because a lgM higher than the 

manufacturer’s recommendation could configurate a routine practice of 

overexposure. This may be the result of an inadequate exposure chart, particularly 

for female patients. Exposure parameters and the choice of the most appropriate 

Speed Class for each examination should be carefully studied in order to obtain 

the desired image quality at the lowest exposure dose. 

The lgM is also sensitive to a number of other factors, and the most critical 

one is segmentation. Any errors in the segmentation algorithm (including 

background that does not belong to the body part or excluding portions of the body 

part) can cause variations in lgM. In a related effect, collimation can also affect 

lgM. Reliable lgM feedback occurs only when the system has been calibrated 

properly. This study was performed in a clinical routine environment and data was 

collected from a CR system that has a normal maintenance program. 

The AGFA exposure index is labelled as lgM and it indicates how close the 

detector dose is to the expected dose. The lgM is related to detector exposure and 

it does not replace patient dose related parameters such as DAP or ESD. 

Exposure index lgM is related to the X-Ray exposure for each radiological 

projection that is carried out. The patient’s exposure must be in order to get a 

constant dose on the imaging plate (IP) and this varies as a function of patient 
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attributes (e.g. sex, weight) radiographic technique and exposure parameters. LgM 

value will also vary with the specified SC setting of the Digitizer. This means that 

doubling the exposure dose at the same SC will cause an increase of the LgM 

value up to 0.3 (log). If the SC is doubled without modifying the mA.s setting, then 

the lgM value will decrease by 0.3 (log). 

Exposures in CR systems may cause unnecessary patient dose due to 

overexposure. This problem should be avoided in routine clinical practice. If dose 

is maintained at a relatively constant IP, at a value that is considered to be 

appropriate for the exam or patient type, then dose consistency in the CR 

environment could be achieved. 

Further investigations and modifications to exposure charts could lead to a 

decrease of dose at the detector and a decrease of patient’s exposure. Studies 

performed on a different CR system shows that it is possible to obtain lower 

exposure indices than those recommended by the manufacturer. The 

establishment of recommended exposure indices remains unclear and the 

exposure indices used in current clinical practice could be significantly higher than 

the optimum level. 

Results reported in subsection 6.4.1 seem to indicate that lgM values are 

higher than the manufacturer’s reference level of 1.96. Departmental exposure 

charts should be optimized in order to provide a significant reduction of dose at the 

detector. Automatic CR dose data mining methods are now available to provide an 

efficient and effective solution to implement a CR dose monitoring program 

regularly in busy clinical departments to regulate the dose creep problem. This 

action, along with further studies for exposure optimization should result in a 

substantial reduction of lgM and consequently contribute to the reduction of patient 

radiation exposure. 

The results from the experimental exposures (subsection 6.4.2) showed 

that IQFInv and image quality seem to be mostly affected with dose and thus the 

number of low-contrast objects detected is mostly affected by tube charge 

increase and thus dose increase. IQFnv score increases in both system when tube 
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potential increases and exposure time although no important differences between 

the systems were observed. This allows concluding that both systems have a 

similar performance, but DR requires less exposure to obtain the same IQFInv 

score when compared to CR. Experiments using the CDRAD phantom could be a 

useful method to optimize dose and it should be used to provide a simple and 

objective evaluation of digital systems performance involving dose and image 

quality. 

 

7.4 Diagnostic image quality in digital radiology 

 

Tube potential, among other factors, has relevant influence in diagnostic 

image quality. High tube potential techniques (≥125 kV) are recommended in 

chest radiography to reduce bone contrast and provide better mediastinum 

penetration. The appropriate tube potential to be applied in chest radiography has 

a lack of consensus in radiographer’s practice, although adjustment of the X-Ray 

beam energy is an important practical action to be taken, which will contribute for a 

valuable clinical image. 

According to results described in section 6.5.1. i) no significant difference 

between tube potentials (p>0.89) were identified when analysing expected 

differences in lesion detection by observers in chest PA radiograph. The detection 

of chest lesions is not influenced by the variation of the tube potential. High tube 

potential techniques (≥125kVp) did not provide better lesion detection when 

compared to lower potential techniques (≤109kVp), but provide lower dose 

delivered to the chest phantom. Additionally, this option doesn’t seem to affect 

lesion detectability and thus ALARA principle is followed. Thus, in a CR system, 

tube potential (kVp) variation doesn’t seem to influence the detection of simulated 

chest lesions in a phantom. 



Part III – Thesis outcomes and contributions 

 187 

Studies (Tylen, 1997; Chotas, 1993) maintain that image plates have better 

noise characteristics when using tube potentials from 90 to 100 kV. According to 

Chotas (1993) in CR systems the measured signal to noise ratio (SNR) changes 

with tube potential (Chotas, 1993). The results arise from observer’s perception 

concerning the presence or absence of lesion and a multiple cases multiple 

readers’ method was implemented. This is an example where all the important 

features are already visible and no additional image information that would be 

useful for the radiologist can be brought in the image even at lower tube potential 

values. This is important because inter-observer variability was taken in account, 

no significant differences were found between techniques and the lowest dose to 

the phantom – eventually to the patient – is achieved at higher tube potentials. 

The presence or absence of created osteolytic lesions in a bone phantom 

using a CR system was evaluated by experienced observers. The results provided 

in section 6.5.1. ii) showed no statistically significant differences across 10 

evaluated regions (R1 to L5) in 11 different images concerning the presence or 

absence of osteolytic lesions. According to these results no statistically significant 

differences in observer’s perception in images were found when exposure 

variation was performed. Thus, exposure variation in this experiment doesn’t seem 

to affect the improvement of correct observations and diagnostic quality. 

Some investigations in DR systems using skeletal clinical phantoms 

(Strotzer, 2000; Strotzer, 1998b) found no significant differences in lesion 

detectability (fractures and cortical defects) even at the lowest dose. A dose 

reduction to 75% was suggested to be possible. 

Section 6.5.2 provides results from exposure factors evaluation and their 

influence in diagnostic quality and patient exposure dose. Data was obtained from 

DICOM tag available at a DR system for lumbar spine examinations using data 

from previously exposed individuals. This method constitutes a systematic 

approach to radiologic procedures optimization in digital systems. 

Analysis of results from this section shows that exposure parameters being 

used in lumbar spine AP and lateral projections and respective ESD are according 
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to CEC and UK references. Tube potentials in both projections are within CEC 

recommended limits (75-90kV in AP; 80-95kV in lateral). Estimated ESD from DAP 

is well below CEC reference of 10mGy (AP) and 30mGy (lateral) and also UK 

reference of 5mGy (AP) and 11mGy (lateral). Those findings evidences that DR 

systems have a real potential of dose reduction. 

Diagnostic quality as perceived by observers using VGAS method allows to 

highlight the fact that in AP projection all VGAS mean values for each image 

quality criteria show a decrease if image quality in all 7 quality criteria when 

compared to the reference image in both exposure groups. In lateral projection all 

VGAS mean values for each image quality criteria for group “less or equal to 

1.68mGy” show a decrease if image quality in all 5 quality criteria when compared 

to the reference image. 

 

7.5 Optimization framework in digital radiology 

 

A practical optimization framework of a digital radiographic system 

constitutes a major contribution from this work. A wide spectrum of methods 

aiming radiological systems optimization was investigated in this research.  

Digital radiology systems in clinical use should provide a good performance 

and be able to give a good image at a reasonable exposure. According to Geiger 

(2001) this does not necessarily mean that the system is optimized to a sufficient 

image quality at the lowest possible dose. 

Assuming the principle that optimization should be a continuous process, 

fundamental steps are required to provide a better performance in all the 

radiological process. An optimization framework or model for continuous 

improvement in digital radiology is proposed based on the results from this 

investigation (figure 78). 
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The proposed model is based on four fundamental steps that provide a 

continuous performance monitoring: 1 – Evaluate System performance; 2 - 

Identify exposure Technique; 3 – Establish Dose reference levels; 4 – 

Standardize Image quality. 

 

 
Figure 78 – STDI optimization model for continuous improvement in digital radiology 

 

The STDI model (System; Technique; Dose; Image) provides a conceptual 

framework for continuous improvement in digital radiology. The model is to be an 

ongoing effort to continuously audit and improve the radiological process over the 

time. 

The proposed multifactor model encompasses a range of processes and 

research activities. Each step emerging from this model results from the 

investigation results and research design provided by this thesis: 

• System: Evaluate system performance. Provide quantitative 

measures such as MTF, NPS and DQE to obtain an objective 



Part III – Thesis outcomes and contributions 

 190 

measurement of detector performance and a baseline reference 

(refer to Chapter 6.2).  

• Technique: Identify exposure technique. Use surveys to evaluate 

exposure parameters and radiological techniques being used; Obtain 

your DICOM tag data from the PACS system; Monitor exposure 

parameters using appropriate statistic methods, Evaluate and 

improve exposure chart; Use phantoms to test your data (refer to 

Chapter 6.3) 

• Dose: Establish dose reference levels. Measure ESD in most 

requested examinations; Provide a systematic monitoring of dose 

levels (e.g. from DAP); Compare with established DRLs; Implement 

dose reduction as low as practicable according to patient and clinical 

condition; Provide objective dose dependent contrast-detail 

measures (IQFInv) and SNR of the system using a CDRAD phantom 

(refer to Chapter 6.4) 

• Image: Standardize image quality. Perform regular image quality 

audits; Involve radiology staff members on a continuous 

improvement process; Create a standard bandwidth of image quality 

according the desired level; Use image phantoms and patient images 

previously obtained for clinical purposes to evaluate and improve 

image quality (refer to Chapter 6.5). 

 

Although the STDI model is a result of a quantitative research model, based 

on suitable methods it should be further validated. External and internal validation 

of the STDI model should run over the time to provide an effective evaluation 

concerning its reproducibility, repeatability, accuracy, stability and linearity. 

This model constitutes a proposal for optimization of the radiological 

process in digital radiology. It includes a systematic framework of improvement 

based on four fundamental steps of the radiological process. With the 
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implementation of the model, dose reduction at sustainable levels and standard 

image quality for the suitable purpose should be achieved. 

The implementation of STDI model could be an opportunity to have another 

look at digital radiology systems. Recommendations about technique, dose and 

image quality are known, but there is a missing link between those and the digital 

detector technology that is in use or in future development. Recommendations are 

provided for a broad spectrum of radiology systems and thus the recommended 

technique and dose for a specific system could not be satisfactory nor the image 

quality provided. 

Implementation of the STDI model could provide a better characterization of 

a particular digital system performance over the time and provide an adequate 

technique adjustment to several groups of patients or clinical conditions. This 

would constitute the basis for patient dose reduction while maintaining image 

quality at clinical acceptable levels. 
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Chapter 8: Conclusions and future prospects 

 

8.1 Conclusions 

 

Different digital technologies are currently available for projection 

radiography. DR and CR systems constitute a remarkable improvement based in 

detector technology developments over the last 25 years. Although SF and digital 

technology coexist at the present time the trends in the near future seems to point 

towards the digital technology. Digital detector technologies can offer several 

advantages when compared to SF systems. These advantages include better 

diagnostic image quality and better management of patient exposure. Also, a 

digital environment can offer better workflow and several other functionalities that 

are intrinsic to digital technology. 

Radiographers should be able to work with these technologies and specific 

training is needed. The transition from a SF environment to a digital environment 

requires the attention of radiographer’s practices concerning the optimization of 

image quality and dose. This could be done through the implementation of dose 

management and clinical image evaluation programs for digital techniques. 

As stated at introduction, digital radiography detectors - based on different 

technological solutions - have become widely available for clinical applications in 

recent years. The optimisation of the radiological process concerning image 

quality and reduction of patient exposure aroused several research questions for 

this thesis: How do the exposure parameters influence the diagnostic quality in 

digital systems? What are the acceptable radiation doses for a useful diagnostic 

image? At what level could the dose be reduced maintaining an accurate 

diagnosis? 

A straight answer to all this questions is not easy because many variables 

are involved. In the present study an attempt has been made to give a contribution 
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for the analysis of the factors related with the technical acquisition, the quality of 

the diagnostic image and dose management in digital detector systems for 

projection radiography. 

This thesis gives a contribution to improve the radiological process in digital 

radiographic systems. To provide the proposed framework several objectives had 

to be achieved. Research methods undertaken were based on wide theoretical 

foundations and experimental work using digital systems in clinical use nowadays. 

According to the research undertaken within this thesis several conclusions 

could be highlighted: 

• Quantitative measures of DR and CR detectors performance provide a 

basis for optimization, allowing to measure and determinate the physical 

properties of digital radiology image systems; 

• Exposure parameters being used in digital radiography shows that 

radiographic practice does not often comply with CEC guidelines 

concerning exposure techniques. There is a need to evaluate, improve 

and establish a baseline reference aiming exposure optimization and 

provide new guidelines for current digital systems; 

• Exposure parameters influence patient dose in digital radiology but 

image quality perception may not to be affected with exposure variation. 

Studies performed both with phantoms and patients showed that 

overexposure is a potential risk when working with digital systems;  

• Evaluation of diagnostic quality of digital images when a variation of 

exposure parameters is provided showed no substantial decrease in 

image quality when dose reduction is achieved. New DRLs should be 

studied and implemented according to the digital system characteristics 

and performance; 

• An evaluation framework was proposed as an attempt to provide a 

practical method to quantify the diagnostic quality of digital radiologic 

images. 
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Although further developments in digital detector technology are expected 

in the near future, there is a considerable potential for radiological process 

optimization and improvement of performance levels of digital detectors available 

at the present time. 

 

8.2 Future prospects 

 

Future prospects and suggestions for further work resulting from this thesis 

are based on the proposed conceptual STDI model for continuous improvement in 

digital radiology. In the near future it is expected that all radiology systems will be 

digital. Digital radiology detectors are in continuous development and new 

technologies are being introduced in clinical practice, with respect to improved 

detector technology, image processing, storage and display. Thus, some 

proposals are here addressed as research opportunities to be further continued 

and developed within this important field of radiology. 

When evaluating system performance, the focus should be in currently 

accepted digital detector quantitative measures such as MTF, DQE and NPS. 

Those measures provide objective evaluations of digital detectors performance 

and are currently established as gold standard to provide the baseline of detector 

performance. However, the baseline could be changed depending on equipment 

use and its degradation over time. This constitutes a problem because changes in 

quantitative measures over the time will necessarily produce changes in the whole 

system performance. Further studies concerning the impact of changes in digital 

detector quantitative measures and how those changes affect system 

performance, dose and image quality should be investigated. This could lead to 

the identification of equipment behaviour over time and provide setting tolerances 

for clinical use of the equipment avoiding compromise patient safety (dose) and 

image quality. 
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The rapid dissemination of digital radiography detectors in clinical practice, 

especially over the last 10 years would be an opportunity to provide a national 

survey concerning exposure factors and techniques being used by radiographers 

and radiologists. This could lead to provide a national reference database to help 

radiology staff to implement safe practices in digital radiology systems. By 

identifying exposure techniques a national online benchmark program could be 

implemented in digital radiology. This national benchmark program should be 

further developed by all radiology staff (radiographers, radiologists, medical 

physicists) involving academic and healthcare institutions and also regulatory 

professional bodies. 

Identifying exposure techniques at a national and/or local level constitutes 

an opportunity to establish dose reference levels based on standard practices. 

Optimization of exposure and dose should be a contribution to reduce population 

exposure in standard radiological examinations. Several methods to evaluate 

patient exposure are currently available. However, systematic quality audit 

procedures, calculation of patient dose and procedure optimization could be 

further developed using simple methods available to all radiology staff. Research 

in this field would be a contribution to effectively implement dose audit procedures 

in digital radiology systems. 

Further research concerning digital image evaluation methods aiming the 

standardization of image quality is needed. Objective criteria and subjective 

evaluations by observers using phantom images and patient images should be 

further developed. Correlation between image quality in phantoms and patients is 

not well understood and further work is required to be undertaken by researchers. 

The role of observers and methods using observers concerning image perception 

needs to be further investigated too. Image perception by observers is an 

important aspect concerning image quality evaluation, but inter-observer and intra-

observer variability could be a problem when performing image quality research. 

Intrinsic observer-related factors aiming image perception should be further 

investigated to contribute for a better image perception performance by human 

observers. 
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