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Abstract: 

Introduction 

The prevalence of obesity is increasing globally; this, in turn, has impacted 
negatively on health service delivery, especially in radiology. The high radiation 
dose is one of the main challenges as the literature suggested.  

Objectives 

This thesis aimed to; identify the most challenging procedures in projection 
radiography, quantify the FM and FFM in these areas in order to build obese 
phantoms, to build multiple phantoms, which then were used to investigate dose 
optimisation in obese patients. 

Materials and methods 

Radiation dose delivered to this group of patients in the UK was assessed using 
DAP. Based on the result of that, the FM and FFM of the most challenging 
areas were then quantified based on DXA scans of 264 female participants. The 
phantoms were then built using PMC 121/30 dry with other additives( CaCo3, 
phenolic microspheres)  Density, HU and attenuation coefficient were used to 
validate the phantoms materials. Dose optimisation was then carried out using 
factorial design. 

Results  

Abdominal and lumbar spine radiographs were the most challenging body parts 
with over 600% increase in DAP compared to the UK NDRL. The DXA scans 
show an increase in FFM along with FM and prediction models were produced 
to predict FFM and FM in these areas. The phantoms were built, and all 
validations steps show agreement with the ICRU 44 report. kVp and filtration 
were the most beneficial factors in dose optimisation in this thesis. kVp and 
filtration were the most influential factors in dose optimisation. mAs prediction 
model was also developed.   

Conclusions  

High doses are delivered to obese patients primarily in the lumbar and 
abdominal radiograph. Subsequently, high chance of induced cancer is 
expected. The DXA data shows a big gap in the literature where previously 
constructed phantoms are considering FM only and ignoring the FFM. The 
prediction models produced will help standardised construction of obese 
computational and physical phantoms. The phantoms built show a promising 
pathway in producing obese phantom with different BMI to tackle the dose and 
image quality issues. Low kVp with high filtration is recommended when 
imaging this group of patients. mAs prediction model can be used and the tube 
limit should be known to act accordingly.    
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 Chapter 1: Introduction  

1.1. Background 

Medical imaging plays an integral part in the monitoring and diagnosis of a wide 

variety of diseases. Since the first onset of x-ray discovery by the scientist 

Wilhelm Röentgen in 1895, it was implemented in medicine. The advantages of 

x-rays were quickly realised, but it took radiation scientists much longer to 

understand the harmful effects of ionising radiation. Initially, it was assumed X-

rays passed from side to side of the skin as harmlessly as light. However, within 

several years of the x-ray utilization in medicine, reports of burns and skin 

damage, as a result of exposure to x-rays were becoming more widespread. In 

1904, Thomas Edison’s assistant, Clarence Dally, who had worked extensively 

with X-rays in developing fluoroscopy, died of skin cancer (Matanoski et al., 

2001). This was due to the fact that the x-rays used in medical imaging are a 

form of ionising radiation, that have sufficient energy when interacting with 

human tissues to result in ionisation and or excitation (Bushberg and Boone, 

2011, Linet et al., 2012). This has the potential to cause damage to the exposed 

tissue and result in cell mutation or apoptosis. Since then, there has been a 

developing theoretical and clinical understanding of the harmfulness of ionising 

radiation to human tissue (Johnston et al., 2011). This has led to the practice of 

radiation protection in medicine which is based on the As Low As Reasonably 

Achievable (ALARA) principle. 

Nowadays, improvements have been made in ionising radiation based 

technologies including the transformation from analogue to digital radiography. 

This has impacted positively on the quality of the medical imaging services 

through advanced acquisition, post processing options, storage and advanced 

and flexible viewing. On the other hand, more reliance on medical imaging 

assessment in health services has been noted since the introduction of digital 

systems leading to an increase in the number of radiographic investigations. 

Hence, Medical imaging is by far the largest man-made source of ionising 

radiation delivered to the general population (Sinnott et al., 2010). It accounts 

for 15% of the radiation dose from both natural and artificial sources, and 90% 

of the artificial source alone (Hart et al., 2012). In England, approximately 40.7 

million radiographic procedures were carried out in the year between March 
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2015 and March 2016, of projected population of 54.4 million (England, 2016, 

Rutherford, 2012). More than half (22.6 million) were projection radiography 

examinations.  

1.2. Statement of the problem: 

In recent years, the prevalence of obesity has increased globally and nationally 

leading to new challenges in health services generally and in radiology practice 

specifically. Obesity is commonly defined using the Body Mass Index (BMI) 

which is calculated as weight (kg) divided by the squared height (m) and has 

the unit of kg/m2 (WHO, 1995). BMI is commonly categorised to four main 

categories; underweight (≤ 18.5 kg/m2), normal weight (>18.5 & ≤ 24.99 kg/m2), 

overweight (≥ 25 & ≤ 29.99 kg/m2) and obese ( ≥ 30 kg/m2). In 2016, around two 

billion adults were overweight, of these 650 million were obese with a BMI ≥ 30 

kg/m2 (WHO, 2016).  

Literature has emerged recently reporting the challenges facing radiology 

departments managing patients with obesity. In the context of radiation 

protection, patients with obesity are receiving high doses as a result of 

computed tomography (CT) and interventional procedures (Wang et al., 2013, 

Hsi et al., 2013, Cushman et al., 2016, Smuck et al., 2013). However, in 

projection radiography, the dose to patients with obesity in clinical practice has 

yet to be reported.  At the time of this project commencement, a sole study has 

modelled the radiation dose to obese patients in projection radiography based 

on simulation (Yanch et al., 2009). Other studies have reported a steady 

increase in radiology reports that were limited due to body habitus (Abo et al., 

2011, Baliyan et al., 2018, Fu et al., 2016). For instance, Uppot and colleagues 

investigated five million radiology reports over fifteen years period of time, 

between 1989 and 2003, and they found  a linear increase of 0.01% per year of 

reports that were limited due to body habitus (Uppot et al., 2006).  

In the UK context, a very recent study investigated the challenge facing CT 

radiographers in 86 NHS Trusts in the UK (Wiles et al., 2017). Fourteen 

respondents stated that they are considering utilising local veterinary centres’ 

equipment to scan those obese patients who cannot fit into the scanners 
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available in the trust. With regard to radiation dose reduction protocol, only 3% 

of respondents reported a formal protocol in place for scanning obese patients.   

1.3. Rationale for the study 

The best practice in radiography is to select the most appropriate exposure 

factors based on the patient’s size and condition while adhering to the ALARA 

principle (Alexander, 2016). With this in mind, different patient-based 

radiographic exposure factor selection models have been developed over the 

years, yet they are based on an analogue x-ray system and might not be 

suitable to use in a digital era due to the different latitudes between the two 

systems (Ching et al., 2014).  

With the high prevalence of obesity and the amount of radiographic exposures 

conducted annually as discussed earlier, it is of high importance to explore the 

actual dose delivered to obese patients during projection radiography and to 

work upon the most challenging body parts in order to develop radiographic 

exposure factors selection to aid radiographers when imaging this group of 

patients.  

1.4. Research question 

The current thesis intended to answer the following question: 

“Are there opportunities to optimise the image quality of patient with obesity in 

projection radiography or are we working at the limit of the available 

technology?” 

1.5. Thesis aims 

1. To identify current practice in projection radiography with specific regards 

to radiation dose delivered to patients with obesity  

2. To quantify body composition based on the most challenging body part to 

underpin obese phantoms construction 

3. To construct obese phantom for dose optimisation purposes 

4. To conduct dose optimisation experiments in order to improve image 

quality in patients with obesity 
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1.6. Thesis objectives 

1. To evaluate the radiation dose delivered to patients with obesity in 

projection radiography based on clinical data  

2. To investigate the relationship between patients’ sizes and received dose 

in order to demonstrate possible dose variation  

3. To estimate the radiation-related lifetime-cancer risk of patients with 

obesity based on the reported dose in comparison with normal weight 

patients. 

4. To quantify body composition with specific regards to fat and lean tissues 

in total and regional basis, especially the most challenging body parts. 

5. To produce fat and lean prediction models using anthropometric measures 

in order to facilitate phantom construction 

6. To fabricate and validate fat and lean tissue-equivalent substitutes that can 

be used to build reusable obese phantoms 

7. To construct obese phantoms that account for fat and lean changes in 

order to mimic different body size 

8. To investigate the impact of different exposure factors on radiation dose 

and image quality on the most challenging body part, identified earlier 

9. To evaluate the change in the effect of these exposure factors when the 

phantom size increases 

10. To produce a preliminary exposure factors prediction model that can aid 

radiographers selecting the most appropriate exposure factors based on 

the patient’s size in lumbar spine radiographs. 
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2 Chapter 2: Literature review 

2.1 Introduction 

This chapter will introduce the reader to the topic through a brief description of 

x-ray interaction with matter. This is to facilitate the idea of Compton scattering 

which causes image quality deterioration in cases of patients with obesity. 

Additionally, the biological effects of radiation will be explained to appreciate the 

importance of radiation protection practice in medical imaging, which then will 

follow. The challenges that have risen as a result of obesity in medical imaging 

will then be introduced with special focus on radiation dose and image quality 

matters. Previous studies that have been reported in the literature in an attempt 

to tackle the issue of non-diagnostic image quality with regards to obese 

patients will be discussed in order to define the gap in the literature, which this 

project is trying to address accordingly.  

Due to the distinctive nature of all topics that will be covered in this thesis, each 

study had it is own literature review, method, results, discussion and conclusion. 

Hence, the reader can expect to see more literature reviewed in each study 

specific chapter.  

2.2 Ionising radiation and interaction with matter: 

When a beam of x-rays passes through a matter, three main different scenarios 

of interactions between the x-ray’s photon and the orbiting electrons of the 

material’s atom will occur, the photon either loses some of its energy 

(scattering), all of its energy (absorption), or pass through with no loss of energy 

(Graham et al., 2012). In diagnostic radiography, two types of interaction are the 

most predominant; photoelectric absorption and Compton scattering.   

2.2.1 Photoelectric effect 

This process of attenuation is crucial in the photon energies of diagnostic 

radiography procedures. In this process, the x-ray photon energy is absorbed 

totally due to the collision with an electron of an atom of the absorber, Figure 1 

illustrates the process (Graham et al., 2012). The probability of this interaction 

depends on the binding energy of both the electrons of the absorber and the 

photon energy. If the photon energy is less than the electron binding energy, 
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then the probability of photoelectric absorption is zero (Graham et al., 2012). 

Once the collision occurs, the photon will give all of its energy to the absorber 

electron and disappear while the electron is ejected from its orbit. Due to the 

created vacancy in the orbit, a new electron will fill the place of the emitted 

electron resulting in emission of characteristic radiation (Bushberg and Boone, 

2011). The energy of the characteristic radiation is equal to the electron energy 

difference before and after the jump. In the case where the photoelectric effects 

occur in human tissue, the energy difference is within the infrared part of the 

electromagnetic spectrum (1.2 x 10-2 eV and 1.8 x 10-2 eV) (Dendy and Heaton, 

2011, Bushberg and Boone, 2011). This process of interaction is related to the 

beam energy (E) and the atomic number (Z) of the absorber. In diagnostic 

energy spectrum, usually less than 150 keV, the mass attenuation coefficient of 

photoelectric effect is proportion to the Z3 and inversely related to the beam 

energy (E3) (Bushberg and Boone, 2011). With this in mind, the photoelectric 

effect is more likely to occur in bone as it has double the atomic number of the 

soft tissue (13.8) and linear attenuation coefficient for photoelectric absorption is 

16 times that of soft tissue (Graham et al., 2012). For this reason, bone appears 

white on the radiographic image due to the low radiation dose received by the 

image detector (Graham et al., 2012).  

Figure 1 Photoelectric absorption and Compton scattering 
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2.2.2 Compton scattering 

In this process, the conditions for Compton scattering to occur are different 

compared to the photoelectric effect. If the binding energy of the electron is very 

small compared to the energy beam, then the electron could be considered as a 

free electron and the interaction between the free electron and x-ray photon is 

known as Compton scattering (Bushberg and Boone, 2011). Since the 

interaction in Compton scattering is between x-ray photon and electron density, 

hence, the electron density of the medium is important. The x-ray photon gives 

some of its energy to the free electron and the remaining energy is scattered as 

shown in Figure 1.    

The mass attenuation and absorption coefficients resulting from Compton 

scattering are proportional to the electron density and inversely proportional to 

the energy beam (E) (Graham et al., 2012). It is known for materials with a Z 

number below 11, the incident x-ray beam is mainly scattered and poorly 

absorbed (Almeida et al., 2019). Hence, more Compton scattering is more likely 

to be produced when imaging obese patients where more soft tissues and 

adipose is present.  

2.3 Ionising radiation biological effects: 

Based on the discussion above, it is clear that when x-ray photons pass through 

the human body energy is imparted to the absorbing medium through 

photoelectric absorption and Compton scattering. This in turn will result in 

radiobiological effects that can be categorised into two categories; deterministic 

and stochastic effects.   

2.3.1 Deterministic effects: 

This category of radio-biological effect is also called “tissue reaction effect” and 

results in cell death which in turns impacts on the function of tissue or organ 

(Stewart et al., 2012). This is due to the failure of the cell to repair the damage 

caused by the passage of ionising radiation through the organ. This type of 

radiobiological effects occurs only when the absorbed dose by a tissue or organ 

exceeds a deterministic threshold dose of that tissue or organs (Linet et al., 

2012). Effects include skin erythema, necrosis, cataract and reduced fertility 
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(Kalender, 2014). The threshold is reported to be around 2 Gy for acute 

exposure and 4 Gy for fractionated radiation doses, while higher levels are also 

reported for long-term exposure (ICRP, 2008). However, an even lower dose 

(0.5 Gy) has been suggested by recent human and mechanistic studies 

(Ainsbury et al., 2009).  

Since the organ doses from a single projection radiographic procedure (0.1 – 

1.5 mGy) is far below the lowest suggested deterministic threshold (0.5 Gy), 

deterministic effects are rarely seen in radiographic procedures (Mettler Jr et al., 

2008). In other modalities, such as CT scanning and angiography, this category 

of effects may become an issue where high dose and multiple scans are 

required (Mahesh, 2001, Mayo, 2008). For instance, temporary hair loss has 

been reported for patients who had CT brain perfusion investigations 

demonstrating the high dose delivered in such modalities (Huda et al., 2008). 

However, in projection radiography the dose is far below the dose delivered 

during by CT procedures, therefore, deterministic effects are not of concern 

when conducting such procedures.   

2.3.2 Stochastic effects:  

In diagnostic imaging, where the dose is not considered excessive, the primary 

relevant effect is stochastic. This happens when radiation induces DNA 

damage, but does not kill the cell which survives but with mutation in its DNA 

(Sykes, 2016). The stochastic effects are not categorised by their severity as in 

deterministic effects, indeed their incidence is what categorises them. Despite 

the fact that this category of radiation effects has no threshold, the effect 

increases as the radiation dose increases (Zanzonico et al., 2016). This is 

based on the Linear No Threshold model (LNT) which is recognised by different 

radiation protection bodies and organisations and is the basis for radiation 

protection principles in medical imaging (Linet et al., 2012). This model has 

been implemented in radiation protection for more than seven decades (Siegel 

et al., 2017). It is based on the assumption that no safe limit of radiation dose 

exists, but rather the cancer risk increases linearly as the dose increases 

(Samei et al., 2018).   
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Different studies have investigated the association between radiographic 

procedures and subsequent cancer risk resulted from stochastic effects. Back in 

the forties and sixties,  an abdominal radiograph was a commonly requested 

procedure by obstetricians to evaluate pregnancy related medical issues (Linet 

et al., 2012). Within the same period, Stewart and colleagues investigated the 

likelihood of cancer among children by conducting a large scale survey, Oxford 

Survey of Childhood Cancers (OSCC) (Stewart et al., 1956). They observed a 

2-fold statistically significantly higher risk of total paediatric cancer mortality in 

the offspring of women who had undergone x-ray procedures during pregnancy 

compared with risk in the offspring of women who had not (Stewart et al., 1956). 

With regards to adults, two large retrospective studies investigated the 

relationship between radiation dose and cancers in patients who had repeated 

fluoroscopic investigations as a result of tuberculosis monitoring (Boice Jr et al., 

1991, Howe and McLaughlin, 1996). Their findings demonstrated significant 

dose-response relationships for breast cancer (RR, 1.29; 95% CI, 1.1-1.5) but 

no evidence of increased lung cancer risk. In terms of diagnostic x-rays 

exposure and link with cancers, a large case-control study reported small, but 

non-significant, increases in myeloma (Boice et al., 1991). Similarly, a 

cumulative number of x-ray procedures, retrieved from medical records, was not 

found to be linked with thyroid cancer (Inskip et al., 1995).  

Based on the discussion above, it is apparent that inconsistent findings and 

limited numbers of relevant epidemiological studies complicate drawing a clear 

and definite conclusion about radiography procedures and the risk of cancer. 

Therefore, a conservative approach on practicing radiation protection to protect 

patient should always be employed. Mechanistic approaches along with 

epidemiological studies may provide more insights into the link between low 

dose radiographic procedures and cancers. Table 1 illustrates the difference 

between the radiobiological effects.  
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Table 1 Brief comparison between radiation stochastic and deterministic effects 

 Stochastic effects Deterministic effects 

Caused by Sub-fatal DNA damage  Cell death 
Radiation dose 

threshold 
No 
There is no safe dose, 
effects can be caused by 
any radiation dose  

Yes 
Effects occur in organ 
when the threshold of the 
specific organ exceeded  

Severity of clinical 
effects and dose 

The clinical effects 
severity is independent 
of dose, all or none 
response, individual 
either manifests or does 
not 

Severity of clinical effects 
is proportional to the 
dose  

Radiation dose and 
effect relationship 

Frequency of effect 
proportional to the dose, 
the higher the dose the 
more risk of manifesting 
the effects  

Probability of effects 
independent on dose, 
once threshold 
exceeded, individual will 
manifest effect 

Caused by radiation 
dose in diagnostic 

imaging 

Yes Usually No, but cases 
have been reported as a 
result of long 
interventional radiology 
procedures 

Examples Cancer  
Heritable effects  

Cataract 
Skin burn  
Sterility  

DNA: Deoxyribonucleic acid 
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2.4 Radiation protection principle 

With the deterministic effects being more related to high radiation dose (>0.5-4 

Gy), stochastic effects are the source of risk in low dose procedures such as 

projection radiography.   

2.4.1 Justification 

This is the first measure that should be considered in order to prevent 

unnecessary radiation dose to patients. It means that no practice can be 

conducted in diagnostic imaging unless it provides positive net benefits to the 

patients more than imposed risks (Musolino et al., 2008). This principle is 

implemented in medical imaging at three different levels according to the 

International Commission on Radiological Protection (ICRP, 2008). Firstly, is 

the use of ionising radiation in medicine and this is internationally granted as 

justified and accepted. The second level of justification principle is the 

justification of a defined radiological procedure. This level aims to evaluate if a 

radiological procedure will improve the diagnosis or provide a basic 

management information in favour of the patient (Malone et al., 2012). The third 

level considers the justification of each radiographic exposure on an individual 

level.  

With regards to projection radiography, the role of justification usually lies within 

the duties of the radiographers. It’s one of the duties of the practitioner under 

the Ionising Radiation (Medical Exposure) Regulations and radiographers are 

practitioners under this legislation (IR(ME)R, 2000).  

2.4.2 Optimisation 

This principle is more focused on the technical aspects of radiation protection 

measures. It aims to maintain the radiation dose delivered to the irradiated 

patient at as low a level as possible. Out of three basic radiation protection 

principles; justification, optimisation and dose limit, optimisation can be 

considered to be the most crucial element and should always be practiced 

efficiently  (ICRP, 1991, IAEA, 2002). It acts in favour of maximising the benefits 

over the harm of the radiological procedure. In order to achieve this, 
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optimisation follow the ALARA principle as suggested by the ICRP in the 

seventies (ICRP, 1977).  

According to the ICRP, part of the optimisation process is the identification of all 

possible protective measures to keep the exposure as low as reasonably 

achievable based on each patient individually (ICRP, 2006). One of these 

measures that are used and recommended by the ICPP and the IR(ME)R 2000, 

is the Diagnostic Reference Level (DRL) (ICRP, 1996, IR(ME)R, 2000). 

 

2.4.3 Diagnostic reference level (DRL) 

Back in 1980s, the National Radiological Protection Board (NRPB), now known 

as the Health Protection Agency (HPA), conducted a national survey in order to 

evaluate the entrance-surface exposure, this was either in DAP or ESD 

(Shrimpton et al., 1986). A similar survey was conducted in the USA in 1970 

(Burkhart, 1984). These surveys promoted the recommendation for the DRL in 

radiographic technique due to the reported variations in radiation dose delivered 

for the same radiographic procedures (ICRP, 2017).  

In the UK, where this study is based, the Royal College of Radiologists (RCR) 

and the NRPB have introduced the concept of reference dose (RCR, NRPB, 

1990) in their publication titled “Patient dose reduction in diagnostic radiology”. 

It is based on the third quartile values of distribution of doses reported for a 

specific radiological investigation from a representative sample of patients at 

each hospital participating in the national patient dose survey in mid 1980s. This 

was adopted by the ICRP to introduce the terms DRL in 1996 officially and to 

determine its rules and how to be established (ICRP, 1996). The ICRP defined 

the DRL as an investigation level utilized for optimising the practice of radiation 

protection in the medical exposure of patients (ICRP, 2017). In the UK, under 

IR(ME)R 2000, the hospital employer is required by law to set a DRL and 

ensure it is followed and adhered to (IR(ME)R, 2000) . On a national level, each 

five years the NDRL is reviewed and updated. In the 2010 DRL survey, the 

reference doses were 10 % less than the previous survey in 2005, but also less 

than half of the reference doses reported in the 1980s (Hart et al., 2012). This 

could be attributed to the application and updating the DRL, but also to new 

technologies, i.e. digital radiography.  
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However, as this project concerns patients with obesity, the NDRL are based on 

average weight patients, where the average weight patient per x-ray room is 70 

± 5 kg. This indicates that radiation dose delivered to obese patients is not 

reported, or in another word the NDRL is valid for the normal weight 

populations.   

2.5 Obesity 

Obesity is one of the major global health issues today. It is now recognised by 

the World Health Organisation (WHO) as a global noncommunicable disease 

(Kontis et al., 2014).  

The high prevalence of obesity, as discussed in section 1.2, is attributed to 

multiple different factors. These include; physical inactivity and reduced energy 

expenditure, calories rich food and high energy intake, genetic susceptibility and 

heritability and other socio-economic factors (Stenholm et al., 2016, Eaton and 

Eaton, 2017, Thasanasuwan et al., 2016). These factors are believed to 

contribute to high prevealnce of obesity which in turn has impacted on obese 

patients health. This includes the cause of insulin resistance type II Diabetes 

mellitus, cardiovascular disease,  elevated blood pressure and other diseases 

including rear types of cancer, bladder cancer for instance (Hartstra et al., 2015, 

Sun et al., 2015, Ortega et al., 2016). The causes and effects of obesity 

mechanisms are beyond the scope of this thesis, however, this is just to give 

the reader a glance on the danger of obesity. Due to the recognised obesity 

comorbidities (Hartemink et al., 2006, Guh et al., 2009, Publishing, 2010, 

Renehan et al., 2008), patients with obesity are more likely to present for health 

assessment than their normal weight peers.  

Due to the limitations incurred by physical size and body composition variation 

compared to adult patients with normal weight, obesity poses a challenge in 

patient assessment and management in hospital (Beechy et al., 2012). The 

ability to achieve an adequate clinical examination is compromised in this 

population (Padilla et al., 2005). Likewise, it becomes difficult to listen to heart 

sounds, lung respiration, and bowel sounds (Padilla et al., 2005). Additionally, 

the capability to palpate the abdomen, perform a clinical pelvic examination, 

and evaluate for masses is compromised in clinical practise(Padilla et al., 

2005). These in turn have increased reliance on other healthcare assessments, 
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including medical imaging, for this substantial group of people (Padilla et al., 

2005).  

2.6 The obesity challenge in radiology 

Different studies have reported the challenges of managing obese patients in 

healthcare. In this section, studies that have reported challenges that have 

adverse impact directly or indirectly on the radiation dose and or image quality 

in obese patients will be discussed. Le and colleagues investigated 

radiographers’ learning experiences in imaging obese patients (Le et al., 

2015b). Using a semi structured focus group, diagnostic radiography students 

from Sydney University were recruited through email invitation to participate. A 

total of 31 students took part in the study. Students have expressed lack of 

confidence and need for more help when imaging obese patients as they 

believe that technique amendments are needed. They also stated the lack of 

resources that aid the radiographers to adjust the exposure factors based on 

the patient’s size. The most challenging aspect of imaging obese patients was 

selecting the appropriate exposure factors. Despite the fact that this study was 

based on students’ experiences during clinical placement, which does not 

necessarily reflect the experience of experienced radiographers, nevertheless it 

provides evidence of the difficulty in imaging obese patients and the lack of 

resources to aid selecting exposure factors. Some students have reported their 

own technique to avoid repetition through using high exposure factors on 

purpose. This phenomenon has already been reported in the literature even 

when imaging patients of normal weight in order to avoid underexposure which 

is not favourable to radiologists, and it is known as dose creep (Ma et al., 2013, 

Seeram et al., 2013). A similar study was conducted in Australia but with the 

focus on experienced diagnostic radiographers and those working as 

designated clinical educators (Aweidah et al., 2016). Using an interview 

approach with 37 diagnostic radiographers from different hospitals and with an 

average experience of 12 years, the study found that one of the main themes 

was “image-focussed” where participants expressed blame and frustration when 

imaging obese patients due to the lack of skills among peers which in turns 

result in low diagnostic image quality.  



 
 
 

36 
 

Researchers investigated the experience of radiographers when imaging obese 

patients in the UK (Woods et al., 2016). Using interpretative Phenomenological 

Analysis (IPA), the researcher used semi-structured interviews with eight 

radiographers (experience ranged from 5 – 35 years). One of the reported 

themes of challenges that impact on image quality was the difficulty of 

positioning the patients and to locate bony landmarks in order to centre x-ray 

beam accurately. This issue has been reported in another study highlighting the 

impact of malpositioning obese patients and its impact on the image quality and 

radiation dose (Carucci, 2013). For example, in abdominal radiographs, the 

centring point of the beam is recommended to be by the level of iliac crest in the 

midline (Bontrager and Lampignano, 2013). When the upper part of the 

abdomen needs to be assessed, the central ray (CR) should be centred 5cm (2 

inches) above the iliac crest level(Bontrager and Lampignano, 2013). Accurate 

centring is crucial to avoid misalignment of examined part and of high 

importance when Automatic Exposure Control (AEC) is used, this is to eliminate 

image distortion especially in joint imaging. With a thick layer of adipose tissue 

subcutaneously, the process of locating the iliac crest becomes difficult and 

hence the centring of the beam might be compromised by estimation. As 

doctors are more skilled in palpation for anatomical landmarks than allied health 

professionals, such as radiographers, it has been reported that they face a 

difficulty in finding anatomical landmarks, such as iliac crest, in obese patients 

(Kam and Taylor, 2010). As an alternative, Carucci (2013) have suggested 

using the elbow level as an alternative but there is no research evidence in 

support of this suggestion. 

Other studies have reported the challenges encountered when imaging obese 

patients based on opinions rather than evidence. This includes the difficulty to 

cover the body dimension of the obese patient presented to radiography exam 

(Buckley et al., 2009, Uppot, 2007, Carucci, 2013, Reynolds, 2011, Yanch et al., 

2009). Such issue is more common when imaging chest, abdomen and pelvis in 

obese patient and can be exacerbated if the patient is morbidly obese. Several 

studies recommend the use of multiple cassettes to cover the patient body 

dimension (Buckley et al., 2009, Reynolds, 2011, Carucci, 2013, Uppot, 2007). 

However, none of these studies have produced guidelines to follow in terms of 
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cassette orientation or central ray location according to patient size. Using 

multiple cassettes in a nonstandard fashion will indubitably increase the patient 

dose since the patient will have multiple exposures in the overlapped regions 

and might have some repeated exposures in cases where the image quality 

was not optimal. In terms of staff safety, using multiple cassette will require the 

radiographer to move the patient and fit the cassette under the patient multiple 

times and this will increase the risk of musculoskeletal injuries to the 

radiographer, which is a documented issue among health carers in general and 

radiographers specifically (Lorusso et al., 2007). In addition, where the system 

is a cassette-less DR system, this can result in procedure cancellation or 

conducting the procedure with mobile x-ray machine. So, the idea of using 

multiple cassettes seems to be a valuable solution but needs to be conducted in 

a standardised way; so far the literature is lacking such standards.  

Body thickness is an important factor in x-ray attenuation. With high diameter of 

soft-tissue thickness, the x-ray beam needs to travel longer distances through 

different tissue of different densities, this will lead to the x-ray energy being 

attenuated and scattered more than when travelling through standard soft-

tissue thicknesses due to low photon penetration. The penetrating power of the 

beam is known as the quality of beam, which is related to its average photon 

energy and practically termed the kVp (Graham et al., 2012). The issue of poor 

photon penetration is a well-recognised issue in imaging the obese patient 

(Buckley et al., 2009). It results in low receptor signals due to the high amount 

of x-ray photons being attenuated and scattered. Several studies, (Buckley et 

al., 2009, Uppot, 2007, Carucci, 2013), have suggested multiple solutions to 

overcome this issue. The given solutions in the literature included increasing the 

exposure factors, kVp and mAs, and using a secondary grid. However, 

increasing these factors will inevitably increase the patient dose. The process of 

x-ray attenuation is a result of the absorption and scattering effects (Fetterly and 

Schueler, 2007). The Compton process is more relevant  when imaging the 

obese patient since it tends to occur in areas with a high concentration of 

electrons per unit of mass, fat for instance (Fetterly and Schueler, 2007).  With 

the Compton process being the reason behind the need for increasing kVp in 

cases of obese patients (Aichinger et al., 2011), it is of value to consider the 
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negative impact of high kVp on image contrast besides scattered radiation. The 

suggestion of Buckley et al. (2009) is to increase the exposure time to 

compensate the attenuated photons by adipose tissues. However, others have 

pointed out the high chance of motion artefact as a resultant of high tube 

current (Uppot, 2007, Yanch et al., 2009). In cases where AEC ionisation 

chambers are used, previous studies have recommended an extra precaution to 

prevent exposure cut-off due to overheating of the anode before a satisfactory 

image density has been reached.  

In terms of scattered radiation, some researchers have suggested the use of a 

secondary grid placed between the image receptor and the patient to eliminate 

unwanted scattered radiation which would otherwise cause deterioration of the 

signal to noise ratio of the image (Uppot, 2007). It has been shown that a 

secondary grid has the ability to absorb 80-95% of scattered radiation but also 

40-50% of the primary beam photons (Williams et al., 2007). For this reason, 

the main compromises include an increased radiation dose and the likelihood of 

motion artefact due to a longer exposure time. Additionally, the author 

suggested this technique did not provide any guidance on how to change the 

kVp and mAs in order to compensate for the absorbed main beam. The use of 

proper beam collimation can reduce scattered radiation (Modica et al., 2011). 

This technique is applicable when the patient is not morbidly obese or in 

imaging the extremities. However, in case of abdomen and pelvis radiography, 

beam collimation will not added any value to saving patient dose as obese 

patient’s diameter tends to be more than light beam diaphragm.  

However, all the technical solutions, which have been discussed above, are 

lacking in support from the evidence base. Studies in the current literature have 

treated each parameter in isolation and are limited in reliability (Le et al., 

2015a). 

From the discussion above, it is very clear how challenging it is to select 

exposure factors based on the patient’s size. Hence, a narrative literature 

review was conducted to identify any literature that has discussed exposure 

factors selection based on patient’s size in digital systems.  
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2.7 Previous studies of exposure factors prediction models 

The literature search was conducted using various data bases and peer 

reviewed journals that were available to the researcher. Data bases searched 

included CINHAL complete, Medline (EBSCO) and Medline Ovid with abstract. 

Keywords used in the search are illustrated in ge of the relevant literature.  

Table 2. These terms were adopted from a similar review conducted by Ching 

and colleagues but with additional terms (Ching et al., 2014). A different search 

was conducted with manipulation of the search terms in order to maximise the 

results of relevant studies. Other peer reviewed journals were searched 

including; Radiography, European Journal of Radiology, European Radiology, 

Radiology, Radiologic Technology, Journal of Medical Radiation Science, 

Radiographics, Medica Physica, Current problems in diagnostic radiology, 

Journal of Radiation Protection Dosimetry and the British Journal of Radiology. 

Terms used in searching these journals include; “obese”, “obesity” and 

“exposure factor selection”. Studies that have been conducted using digital 

radiography (DR) systems were included while those using analogue systems 

were excluded. Reference and citations of relevant studies were also reviewed 

in order to ensure a full coverage of the relevant literature.  

Table 2 List of terms used in database search 

Population Intervention Outcomes 

"exposure determination" 
OR "point system" OR 
"exposure adaptation" OR 
"exposure modification" OR 
"exposure parameter" OR 
"exposure factor" OR 
"exposure selection" OR 
"exposure adjustment" OR 
"exposure decision" OR 
"exposure alteration" OR 
"exposure correction" OR 
"exposure variation" OR 
"exposure technique" OR 
"exposure calculation" OR 
"exposure setting" OR 
"exposure approach" OR 
"technique chart" OR "fixed 

Thickness OR size OR body 
thickness OR body part 
thickness OR obese OR non-
standard OR overweight OR 
morbidly obese OR size 
specific  

 

radiography OR general 
radiography OR projection 
radiography OR digital 
radiography OR DR or 
computed radiography OR CR 
OR x-ray OR radiograph 
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kvp" OR "fixed tube 
potential" OR "fixed 
kilovoltage" OR "fixed kv" OR 
"fixed peak kilovoltage" OR 
"variable kvp" OR "variable 
tube potential" OR "variable 
kilovoltage" OR "variable kv" 
OR "variable peak 
kilovoltage" OR "system of 
exposure adaption" OR "bit 
system" OR "Siemens point 
system" OR "25% rule" OR 
"15% rule" OR "exposure 
chart" OR "guiding equation" 
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Table 3 literature review results 

Study  x-ray system Body 
part 

Phantom  Image 
quality 
assessment 

Brief description of 
the study 

Results Limitations  

1- (Ching et 
al., 2015b) 

DDR 
Carestream  

Pelvis 
(sacral 
area ) 

Kyoto 
abdomen - 
pelvis + 3 cm 
pork belly. 
Max thickness 
(21.5 cm 

EI: 1500 ± 
2% 

Using 5 kVp levels 
and 6 SID levels, 
along with two 
different body 
thickness, the mAs 
was established on 
70 kVp through 
AEC. Using DuPont 
system, each 
exposure was 
assigned a bit value 
with a total of 38 bit 
value, which is 
equal to the initial 
bit value of the first 
exposure using 
AEC.  

Out of 60 
produced 
images, 16 
achieved the 
target bit 
value and EI. 
Amendments 
were applied 
to the kVp, 
this 
increased the 
number of 
images that 
met the 
target bit and 
EI to 38. A 
new system 
was 
established 
called DigiBit 
system. 

• Use of EI for 
image quality 
assessment 

• Small thickness 
(21.5 cm) 

• Initial exposure 
factors based 
on conventional 
radiography 
system 
(DuPont) which 
has not been 
stated in the 
literature 
((Ching et al., 
2014)  

• Pork belly, 
added to one 
orientation, 
anteriorly. 

2- (Ching et 
al., 2015a) 

DDR 
Carestream  

pelvis KYOTO 
abdomen-
pelvis + pork 
belly added 
anteriorly. Max 

EI: 1500 ± 
2% 

60 radiographs 
were taken for each 
phantom thickness. 
using 5 levels of 
kVp (60 – 100 kVp) 

The 25% rule 
accurately 
predict 53% 
of mAs when 
thickness 

• Similar to the 
above.  
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thickness (21.5 
cm)  

and 6 SID levels 
(80 -130 cm). for 
each exposure the 
mAs was adjusted 
until EI target 
achieved. Different 
exposure factors 
prediction systems 
(DuPont – DigiBit 
and 25% rule) were 
tested to identify 
the most accurate 
system that 
accurately predict 
mAs when 
thickness 
increased. DuPont, 
DigBit and 15% kVp 
rule also were 
tested to identify 
the best predictor 
when kVp change. 

increased. 
The DigiBit 
was the most 
accurate mAs 
predictor 
when kVp 
changed.  

 3- (Zheng et 
al., 2017) 

- - - - Based on 
mathematical 
modelling assuming 
the image quality is 
a function of 
radiation dose 

For a 
constant 
patient 
thickness, 
mAs should 
be increased 
3.35 times 
the kVp.  
For a 
constant kVp, 

• The technique 
chart that 
underpins the 
new prediction 
models was 
based on CR 
and the author 
did  
not have control 
over how the 
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the mAs 
need to be 
increased by 
7.8 % for 
every 1 cm of 
patient 
thickness 
increase. 

chart was 
derived 
 

4- (Zheng, 
2018) 

- - Two Perspex 
CT dose 
phantoms with 
16 and 32 cm 
diameter 

- Based on pure 
mathematical 
modelling, new 
equations to predict 
mAs, kVp based on 
patient size.   

- • Based on 
experiments 
conducted to 
measure the 
dose output 
using water 
phantom which 
does not 
accurately 
represent 
human. 
 

5- (Allen et 
al., 2013) 

CR (Agfa 
system) 

Chest 
(PA) 

Anthropometric 
chest phantom 
(unknown 
resource)  

Visual 
assessment 
(5 
observers) 
using CEC 
image 
quality 
criteria. 

10 kVp rule (where 
increasing the tube 
potential by 10 kVp 
while reducing the 
mAs by 50%) was 
applied on 391 
match pairs of 
chest (PA) for 
anthropometric 
chest phantom 

The 10 Kvp 
rule show a 
promising 
results in 
producing a 
consistent 
contrast in 
chest x-ray 
but break 
down in high 
mAs. 

• The 10 Kvp 
was applied for 
the same size 
phantom 

• The experiment 
restricted to 
chest x-ray only 
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6- (Steward 
et al., 2018) 

Direct Digital 
radiography 
system (GE 
Optima XR656) 

Lumbar 
spine  

Anthropometric 
phantom 
(unknown)  

EI deviation 
index (DI) 
was used 
along with 
10 
radiologists 
who 
assessed 
the image 
contrast.  

To test the effect of 
mAs and the 15% 
and 10kVp rules 
while keeping the 
mAs constant.  
Additionally, the 
15% kVp rule was 
tested while halving 
the mAs as the kVp 
increased.  

Images 
produced 
using 10 mAs 
and 320 mAs 
were of 
diagnostic 
quality.  
Various 
opinions 
presented 
with regards 
to kVp that 
produced the 
best image 
contrast.   

• One size 
anthropometric 
phantom 

• The 
assessment of 
image quality 
was vague  

• The final 
images were 
manipulated in 
terms of 
windowing 
before 
presented to 
the radiologist  
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Table 3 demonstrates these studies that have been found and a discussion of 

all these studies will follow. In the first study, (Ching et al., 2015a), the 

researcher extended a pelvis phantom with 18.5 cm thickness  into 21.5 cm by 

adding a pork belly sourced from a local butcher. However, no validation studies 

have been conducted in order to investigate the suitability of pork belly to 

represent fat tissue. This is due to the fact that pork belly density will change as 

it dries out over time. Moreover, the Hounsfield Unit (HU) of pork belly might 

change over time and affected by the room temperature during experiment 

(Alzyoud et al., 2019). Since the researcher did not provide any information 

regarding pork belly density and HU, this jeopardise the reliability of pork belly 

to mimic human fat tissue with regards to radiological properties. Additionally, 

the pork belly was added to the front aspect of the phantom only. However, 

Yanch and colleagues have demonstrated, through a Monte Carlo simulation 

study using a stylized phantom with five different orientations of added fat, 

difference in radiation dose and tube current needed to achieve a diagnostic 

image between all different fat orientations (Yanch et al., 2009). This will impact 

on the applicability of their results when transferred into a clinical practice as 

obese patients tend to have different fat orientation. Moreover, the maximum 

thickness achieved in Ching and colleagues’ study, 21.5 cm, considered to be 

of a normal to overweight rather than obese patients (Qurashi et al., 2018). This 

in turn will restrict the result of the study to a maximum thickness of 21.5 cm.  

With regards to the image quality assessment, Ching and colleagues focused 

on exposure index (EI) only in determining the suitability of the image quality. 

However, the EI aims to safeguard against overexposure and is only an indirect 

indication of image quality (Seibert and Morin, 2011, Peters and Brennan, 

2002). Additionally, the EI is energy dependant and the value of EI will change 

as a result of changes in collimation, exposure factor manipulation and patient 

size (Butler et al., 2010).  

In the second study listed in Table 3,  (Ching et al., 2015b), the researcher used 

similar methods in terms of phantom extension to represent obese patients and 

image quality assessment, however, the researcher compared different 

exposure factors prediction models in order to investigate the best model to 

predict kVp and mAs based on phantom thickness. Three models for predicting 
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exposure factors namely; 25 % rule, DuPont™ and the DigiBit system, were 

compared to investigate which of these three models predict the mAs accurately 

as the patient size increases. Additionally, the 15 % rule and DuPont™ were 

compared to test the best predictor of kVp change as the phantom size 

increased. However, the quality of the produced images was assessed based 

on EI only, which does not reflect the clinical assessment in practice, i.e visual 

assessment by the radiologists. Additionally, the results showed only moderate 

success of the prediction systems to predict exposure factors. For example, 

53% of mAs change was correctly predicted when using 25% rule and 33% 

when using DigiBit to predict mAs when the kVp was changed. 

In the third and fourth study, shown in Table 3, the researcher based his 

exposure factors equations on pure mathematical modelling assuming that the 

image quality is a function of the radiation dose (Zheng, 2018). However, in the 

third study, Zheng based the modelling on a techniques chart reported in the 

literature for a computed radiography (CR) system, over which the author had 

no control. In the fourth study by the same author Zheng, the modelling was 

based on a Perspex phantom which does not represent human heterogeneous 

structures.  Additionally, the author assumed in both studies, three and four, 

that image quality is linearly proportioned with radiation dose. This may be true 

in analogue systems but in digital systems the story is different where the 

detector can accommodate large doses while producing the same image 

quality, i.e producing an image quality in low dose that is similar to image 

produced with high dose (Mraity, 2015). 

In the studies number five and six, the authors investigated the applicability of 

different exposure factors selection models that have been used in analogue 

systems but only on normal weight phantom. Despite the promising results of 

these studies in normal weight patients, it is not clear if these models will be 

applicable in case of patients with obesity. 

An additional systematic review was conducted by Ching and colleagues in 

order to identify patient-based radiographic exposure factor selection (Ching et 

al., 2014). Twenty eight studies were identified but all were used in analogue 

system and most of these models have not been reported in literature.  
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From the literature review, it is very clear that radiographers are facing 

challenges when imaging obese patients, especially in selecting the appropriate 

exposure factors. Such challenges are not based on actual data reflecting the 

actual practice in terms of radiation dose delivered to obese patients. With 

regards to the available exposure factors selection models, few studies are 

existed with it limitations that making their implementation in clinical practice 

possible only if validated more and improved. According to that, it is of value to 

explore the challenge in imaging obese patients in clinical practice in order to 

conduct dose optimisation research according to the needs.   

Hence, the next chapter will investigate the practice of imaging obese patients 

in terms of radiation dose delivered to obese patients in order to explore the 

most challenging areas and act accordingly. 
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3 Chapter 3: Radiation dose Audit 

3.1 Introduction: 

Based on what has been discussed in the previous chapter regarding the high 

prevalence of obesity in the UK, where 26 % of UK adult population are obese 

based on a BMI ≥ 30 kg/m2. Additionally, the obesity comorbidities that cause a 

high influx of patients with obesity to hospitals compared to their normal-weight 

peers, and the high radiation dose already reported to this group of patients in 

other modalities. It is apparent that investigating the radiation dose delivered to 

this group of patients in projection radiography is of great value. This is even 

more significant with the large number of radiographic procedures (>22 million) 

conducted in England, as discussed in the literature review. Hence, this chapter 

explores the radiation dose delivered to patients with obesity in projection 

radiography.   

In this chapter, the reader will be introduced to the main dose quantities used in 

projection radiography including the monitoring dose quantities. Additionally, the 

concept of dose modelling will be discussed. Previous studies that have 

reported the radiation dose delivered to patients with obesity will also be 

explored and discussed. 

The method will then be presented in detail followed by the results and the 

discussion.  

3.1.1 Overall aim: 

To identify current practice in projection radiography with specific regard to 

radiation dose delivered to patients defined as obese. 

3.1.2 Objectives: 

11. To evaluate the radiation dose delivered to obese patients in projection 

radiography based on clinical data  

12. To investigate the relationship between patients’ sizes and received dose in 

order to demonstrate possible dose variation  

13. To estimate the radiation-related lifetime-cancer risk of patients with obesity 

based on the reported dose in comparison with normal weight patients. 
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3.2 Radiation dosimetry in projection radiography 

3.2.1 Absorbed dose (D): 

When ionising radiation interacts with matter, part of the radiation energy is 

deposited in the matter as a result. The deposited radiation quantity is called 

absorbed dose and is defined as the amount of energy absorbed (dε) per unit 

mass of irradiated matter (dm)(ICRP, 2007). 

Where D is the absorbed dose 

dƐ is the absorbed energy 

dm is the unit mass of the irradiated area        

The unit of the absorbed dose is joules per kg (J/kg) while the SI unit is the 

Gray. Based on the amount of radiation of energy, i.e. kilovolt or megavolt, the 

absorbed dose commonly reported in mili-Gray or micro-Gray. Absorbed dose 

applies to any type of ionising radiation and absorbing medium and it is 

considered to be the most important unit of radiation dose (Tootell et al., 2014).  

3.2.2 Equivalent dose (H):  

Since the aim of radiation dosimetry is to monitor the radiation dose in order to 

reduce the risk of organ damage due to radiation exposure, hence, the 

absorbed dose cannot determine the risk of damage alone, as the type of 

radiation has to be considered. Equivalent dose (H) was developed by the ICRP 

to serve the purpose of determining limits of radiation exposure (ICRP, 2007). 

The product of the mean absorbed dose of tissue (T ) and the radiation 

weighting factor (R ) yields the equivalent dose. The radiation weighting factor 

defines the biological damage ratio resulting from direct and indirect ionising 

radiation. Since this project is looking at diagnostic projection radiography, 

where the photon is the radiation particle, the radiation weighting factor is of 

unity (ICRP, 2007). Equation 2 demonstrates the calculation of equivalent dose. 


 = dε
�
 

Equation 1 
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Where HT is the equivalent dose of tissue T 

          WR is the radiation weighting factor 

          DT.R is the absorbed dose of tissue (T ) by radiation type (R ) 

The equivalent dose unit is Joules/kg, and the SI unit is Sievert. For example, if 

the absorbed dose in a tissue is 0.5 mGy, then the equivalent dose for that 

organ is 0.5 mGy (DT.R) x 1 (WR ) = 0.5 mSv.  

The reason equivalent dose is discussed is that it is crucial in order to calculate 

the next dose quantity, which is the effective dose.  

3.2.3 Effective dose (E): 

Different tissues have different sensitivity to radiation; for this reason, effective 

dose is used. This takes into account the irradiated tissues and the amount of 

radiation deposited into the body in total.  The ICRP has recommended the 

effective dose to be used for dose assessment in planning and optimisation and 

for demonstration of compliance with dose limits (ICRP, 2007). This includes 

the comparison of risk between various imaging techniques or modalities 

(Tootell et al., 2014). In practice, the effective dose can be calculated as the 

sum product of the equivalent doses of body organs and tissues (HT) and the 

weighting factors of those tissues/organs (WT). The Effective dose (E ) can be 

calculated using Equation 3 

 Where E is the effective dose to the whole body 

              WT is the tissue weighting factor of tissue (T) as reported by the ICRP          

               HT is the equivalent dose absorbed by tissue/organ (T)  

The Tissue weighting factor is defined as the quantity stating the contribution of 

a specific tissue or organ to the total body detriment from stochastic effect 

H� = W� � D��� Equation 2 

� = � �� � ��
�

 
Equation 3 
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(ICRP, 2007). This can be calculated based on the evidence and data that 

emerge from different studies such as; the Life Span Study (LSS) and studies 

from radiation workers. Hence, these factors have been updated multiple times 

by the ICRP, as Table 4 shows.  

Table 4 Tissue weighting factors (ICRP, 1977, ICRP, 1991, ICRP, 2007). 

*Remainder tissues: Adrenals, Extrathoracic (ET) region, Gall bladder, Heart, 
Kidneys, Lymphatic nodes, Muscle, Oral mucosa, Pancreas, Prostate (♂), Small 
intestine, Spleen, Thymus, Uterus/Cervix (♀) 

 

  

organ Tissue Weighting Factors 

 ICRP 26 (1977) ICRP 60 (1991) ICRP 103 (2007) 
Gonads 0.25 0.20 0.08 

Red bone 
marrow 

0.12 0.12 0.12 

Colon - 0.12 0.12 
Lung 0.12 0.12 0.12 
Stomach - 0.12 0.12 
Breasts 0.15 0.05 0.12 
Bladder - 0.05 0.04 
Liver - 0.05 0.04 
Thyroid 0.03 0.05 0.04 
Skin - 0.01 0.01 
Bone surface 0.03 0.01 0.01 
Salivary glands - - 0.01 
Brain - - 0.01 
Remainder* 0.03 0.05 0.12 
Total 1.00 1.00 1.00 



 
 
 

52 
 

The effective dose is the most commonly used measure in radiology as it 

facilitates a comparison of the risks anticipated as a result of different imaging 

techniques (Brenner, 2008). For instance, in the Journal of Radiation Protection 

Dosimetry, between 2005 and 2008, 60 % of the publications have reported the 

effective dose (Martin, 2007b). However, more recently, a new debate sparked 

around the limitation of effective dose in estimating the biological risk resulting 

from exposure to ionising radiation. The problematic issues of effective  dose to 

be used as a risk indicator for individuals have been summarised by Brenner 

(Brenner, 2008) in three main points: 

• Firstly, the tissue weighting factors affecting the effective dose 

calculation are determined by the committee subjectively to achieve a 

balance between: various cancer mortality, stochastic endpoints of 

cancer incidence, hereditability risk and life shortening. These factors 

have been updated based on the latest scientific evidence available of 

the radiation exposure physics and biology, Table 4. 

• The second argued issue by Brenner is the fact that effective dose is 

defined independently of age while the available literature suggests that 

the attributable radiation risks are age dependant (Preston et al., 2007).  

• The third matter is a practical one where this dose quantity is misused 

and sometimes confused. This is due to the fact that both equivalent 

dose and effective dose have the same unit, i.e. Sieverts, but measuring 

different quantity. Hence, some studies in the literature have used 

equivalent, effective and even absorbed dose confusingly, (Brenner, 

2008).  

For these reasons, Brennan suggested that a new calculation should be used 

instead of using the tissue weighting factor (Brenner, 2012), he suggests that 

the new quantity be called “effective risk”. 

3.2.4 Effective risk (R):  

Brennan suggested this new dose quantity in 2008, where he proposed a 

similar equation used in effective dose (Equation 3) but with a new factor 

replacing the tissue weighting factor (WT), called “organ-specific radiation 

induced cancer risk” (Brenner, 2008). To simplify this, Brennan recommended 
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that instead of multiplying the absorbed dose by committee-devised numbers, 

the best-available, organ specific lifetime cancer risk should be used instead. 

Hence, the effective risk can be calculated using Equation 4. 

Where R is effective risk 

rT is the lifetime radiation-attributable tissue-specific cancer risks (per unit  

equivalent dose to tissue/organ (T )  

HT is the equivalent dose absorbed by tissue/organ (T ) 

The Nuclear and Radiation Studies Board, known as BEIR VII, has published 

organ-specific radiation-induced cancer risk that can be used to calculate the 

effective risk (National Research Council, 2006). A very recent report prepared 

by Wall and colleagues from the HPA also reported the organ specific risk (Wall 

et al., 2011).  

3.3 Dose monitoring quantity: 

3.3.1 Entrance surface dose (ESD):  

From its name, the ESD is defined as the absorbed dose in air at the point at 

which the x-ray beam intersects with the patient surface, including the 

backscatter radiation (IPSM, 1992). If the backscatter radiation is excluded, this 

quantity can be referred to entrance surface air kerma (ESAK) (Wambersie et 

al., 2005).  

In order to measure the ESD, two types of dosimeters can be used, namely 

thermoluminescent dosimeters (TLDs) and ionisation chambers. This means, in 

order to report the patient’s dose in ESD quantity, the study has to be 

conducted prospectively. However, the current study was conducted 

retrospectively, hence it was not possible to use this dose quantity as it is not a 

common practice to measure ESD, but rather the dose area product (DAP) was 

used. 

� = � �� � ��
�

 
Equation 4 
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3.3.2 Dose area product (DAP):  

The DAP can be defined as the product of radiation absorbed dose in air over 

the area of x-ray beam in a perpendicular plane to the integral beam axis (Lee 

et al., 2016). The unit of the DAP as its name suggested is Grays per 

centimetre squared (Gycm2). This quantity is the one most commonly used and 

which most radiographers are familiar with (Tootell et al., 2014). This quantity is 

not a patient dose and also it is independent of the focal to patient distance. 

Usually DAP is measured by a DAP meter that is attached to the x-ray tube in 

front of the collimator. In order to calculate the patient dose based on the DAP 

quantity, the focal to skin distance (FSD), field size and the irradiated area are 

required (Moores, 2005).  

3.3.3 Diagnostic reference level (DRL) 

In current day, the DRL is an important measure used in medical imaging in 

order to investigate the level of radiation dose for a specific radiographic 

investigation on an average patients cohort (ICRP, 2007, Han et al., 2011) . 

When practiced as recommended by the ICRP, DRL allows the identification of 

any elevated radiation doses in a specific radiographic procedure and act 

accordingly in order to specify the source of error and rectify it (ICRP, 2007, 

Hart et al., 2012). To avoid repetition, more details have been discussed in the 

literature review regarding the DRL.  

3.4 Dose modelling:  

The ESD and DAP are the quantities that can be quantified in clinical practice. 

In order to calculate the absorbed, equivalent or effective dose, dose modelling 

has to be conducted. The easiest and timely efficient modelling method is 

through the use of commercially available Monte Carlo simulation software 

(Tootell et al., 2014). Monte Carlo PCXMC 2.0 (STUK-Radiation and Nuclear 

Safety Authority, Helsinki, Finland) is a software program that is commonly used 

to mathematically model the dose. It is a computer program for calculating 

patients’ organ doses and the effective dose in radiology examinations. It 

provides a flexible stylized phantom to freely adjust for the x-ray projection and 

other examination conditions of projection radiography and fluoroscopy. The 

anatomical data of the phantom are based on the mathematical hermaphrodite 
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phantom models of Cristy and Eckerman, with some modifications and user-

adjustable phantom sizes (Tapiovaara and Siiskonen, 2008, Cristy and 

Eckerman, 1987).  

3.5 Radiation dose of obese patients in projection radiography 

Different studies have investigated the radiation dose delivered to patients with 

obesity in different modalities such as CT, interventional radiology and 

fluoroscopy (Hsi et al., 2013, Wang et al., 2013, Cushman et al., 2016, Smuck 

et al., 2013). However, the current study is focused on projection radiography 

and hence relevant studies will be discussed.  

The most cited article that reported effective dose to patients with obesity is a 

study conducted in the USA by Yanch and his colleagues (Yanch et al., 2009). 

In their study, an advanced Monte Carlo simulation software (MCNPX) was 

used along with a modified stylized phantom. Computational fat layers were 

added to the phantom in different orientations, and the effective dose was 

calculated with and without the fat layers. However, the study was based on the 

assumption that the image quality of all phantoms produced by the simulation is 

equal. This excluded the issue of compromised image quality in this group of 

patients, which is the main concern currently (Le et al., 2015a). Additionally, the 

dose reported in Yanch’s study did not base simulation on the dose reported in 

the clinical practice, but rather they speculated that exposure factors and other 

factors such as use of grid and the projection used were relevant. This in turn 

impacts on the reliability of the study to represent what is happening in clinical 

practice.  

Two further studies estimated the effective dose and absorbed dose in chest 

radiography (Kim et al., 2012, Tung et al., 2008). Tung and colleagues based 

their study on 293 patients who had chest radiography. The ESDs were 

measured using TLD-100H and the effective doses were modelled using 

WinODS organ dose calculation software. However, their study was constrained 

to chest (PA) radiography. Additionally, the highest BMI of patients included in 

their study was 26 kg/m2, which is at the lower boarder of the overweight 

category. Hence, their study did not reflect the challenge of radiation dose 

increase in patients with obesity.     
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In Kim and colleagues study, the sample size was large, 899 patients, who had 

had chest (PA) radiographs using three levels of kVp; 100, 120 and 140 kVp 

(Kim et al., 2012). The radiation dose (ESD) was used to estimate the effective 

dose using PCXMC for all patients. However, it was not clear how the ESD was 

estimated as the author claimed that the ESD was reported from the Dicom 

header of each radiograph that was included in the study. Additionally, the 

researcher did not have the data of image width and height, which is necessary 

if the FSD will be calculated using the PCXMC. This will eventually impact on 

the radiation dose received as the simulated field size will be smaller than the 

actual field size used in clinical practice. Additionally, photons used in PCXMC 

are recommended to be at least 20,000 photons or more (Tapiovaara and 

Siiskonen, 2008), however, in Kim’s and colleagues study the photons used 

were 12,000 for 100kVp simulation, 14,000 photons for 120 kVp and 20,000 

photons for 140 kVp simulation. This in turn will increase the errors in the lower 

kVp compared to the high kVp simulation, resulting in unbalanced report of 

absorbed doses.  Similarly, Terlizzi and colleagues investigated the relationship 

between radiation dose and size of patients who had chest x-rays across two 

different DR systems (Terlizzi et al., 2011). Using the ESD, calculated based on 

the output of the x-ray system, patients were grouped based on their BMI 

(Underweight, normal weight and obese) and the average dose to each group 

was averaged and correlated with the patients size. Despite the reported 

increase in radiation dose along with the BMI in their study, this is only to be 

expected as more radiation is required in order to penetrate a thicker body part 

(Hart and Hillier, 2007). However, their study did not include any obese patients 

and the reported dose was limited to chest radiography.     

A recent study, published after the current study was conducted, reported the 

radiation dose delivered to 1869 patients with obesity as a result of projection 

radiography procedures (Metaxas et al., 2018). The study was conducted 

prospectively yielding the advantages of reporting more patients’ 

anthropometrics such as height, weight, thickness as well as technical 

parameters of the procedures such as film to image distance (FID), tube current 

(mA) and tube potential (kV). The BMI reported in their study ranged between 

18.6 and 38.5 kg/m2 for most procedures (lumbar spine AP + LAT, abdomen 
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AP, pelvis AP and KUB AP) and up 44.5 kg/m2 for chest PA and lateral. Their 

findings illustrate that dose (kerma area product KAP) received by patients with 

obesity reach up to 300 % compared to normal weight, especially in lumbar 

spine and abdomen radiographs. 

Based on the studies discussed above, it is of high value to understand the 

situation of radiation dose delivered to obese patients in the UK, as one of the 

countries reporting the highest rates of obesity (Baker, 2017). Additionally, 

understanding the situation of imaging obese patients in clinical practice is 

important in order to conduct the suitable research which will have a direct 

impact on patient care. Subsequently, this will impact on the radiation-related 

cancer risk resulted from medical ionising radiation. 

3.6 Methods: 

3.6.1 Patient Recruitment: 

The study aimed to explore the radiation dose delivered to patients with obesity; 

hence, the largest bariatric centre in the South West was the main targeted site. 

This centre has been running since 2003 and it is the first centre, outside the 

USA, to be awarded Centre of Excellence status by the Surgical Review Board. 

Around 300 operations were conducted in the centre in 2009/10. This promotes 

a high influx of patients with obesity to receive treatment in the centre. For this 

reason it was considered to be the best choice to access a high volume of 

patients with obesity records. In order to maximise the number of obese 

patients to be included in the study, and to cover a broad range of BMI groups, 

i.e. overweight, obese and morbidly obese, a request to engage in the study 

was prepared in order to be sent to health professionals who work closely and 

mainly with obese patients in the same hospital, see Appendix (1). 

 A list containing seventeen medical and allied health professionals, who work 

in the bariatric centre and dealing mainly with patients with obesity, was 

suggested by a senior radiographer working in the centre. The list includes 

bariatric surgeons, nutritionists and nurses working in diabetic clinic and weight 

management clinic. The letter was sent by email to all health personnel. A 
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bariatric surgeon was the only respondent and was happy to engage in the 

study. 

A meeting was then set with the bariatric surgeon in order to discuss the nature 

of the study and to clarify the study proposal and the anticipated outcomes of 

the study. An agreement was granted by the bariatric surgeon to provide a list 

of patients with obesity, who visited the bariatric surgery clinic, after the required 

ethical approval is in place. 

3.6.2 Ethical considerations:  

In order to save time, a proposal of the study was sent to the research manager 

in the hospital seeking their opinion of which ethical committee the study should 

go through (Appendix 2). The research manager assured the researcher that 

the study will not need R&D approval but would need to go through the clinical 

audit department first. Due to the dilemma around the patients’ data anonymity 

as the patients’ hospital numbers need to be shared with the researcher in order 

to be able to access the patient’s data, the study proposal was sent to the 

Caldicott Guardian for consideration. To overcome this issue, the researcher 

suggested the data could be collected by a member of the radiology 

department, who has the right to access patients’ data, and receives a payment 

from the researcher fund allocated for such purposes. This was passed into the 

clinical audit department and the Caldicott Guardian. A number of questions 

that needed further clarification were sent back to the researcher. This included:  

• The quantity of records it is proposed to access (1000). There seems no 

clear justification for the need for this volume 

• The intention to pass the data (anonymised according to the description) 

onto the research team at Exeter University – there is a degree of 

uncertainty about what happens to the information from that point 

onwards 

• The proposed inclusion of the hospital number within the information 

provided by our clinical team, thus potentially jeopardising true 

anonymization. 
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• As an associated issue these is no stated engagement between student 

and Radiology team. Their critique and approval of this would appear 

important prior to any data collection. 

These were responded to, see Appendix 3, and the response sent back to the 

researcher manager, who was the link between the researcher and the hospital 

authority. Based on the proposal and the requested response to the further 

clarification, the permission was granted, (Appendix 4), and the study was 

considered by the clinical audit department as a service evaluation.  

A New challenge rose when the radiology team at the hospital contacted the 

researcher apologising that there was insufficient capacity to perform the task 

as required. The solution suggested by the research manager at the hospital is 

for the researcher to sign an honorary contract with the hospital in order to be 

granted access to the patients’ data.  

A Disclosure and Barring Service (DBS) check was first conducted, when 

successfully returned, the researcher agreed to sign the staff code of 

confidentiality, protection & use of patient information, model declaration form, 

data protection and confidentiality policy. Once all papers were in place and the 

contract was signed, the researcher was given a username and a password to 

access the patients’ files under the supervision of a senior radiographer from 

the radiology department.  

3.6.3 Data access: 

An induction to the Radiology Information System (RIS) and the Picture 

Archiving and Communication System (PACS) was given to the researcher by 

the appointed supervisor. This includes how to access both systems and where 

to find the required data including the DAP and its unit, and the number of 

images.   

3.6.4 Patients: 

A list of 1964 obese patients, with a BMI equal to, or over, 30 kg/m2, was 

provided from the bariatric surgeon. All patients had visited the bariatric surgery 

clinic and undergone a bariatric surgery procedure. The list contained the 
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patients’ hospital number, height (m), weight (kg), BMI (kg/m2) and ethnicity. All 

anthropometric measures were completed prior to the patient undergoing 

bariatric surgery. The age of the patients at the time of their radiography 

examination was determined from their date of birth subtracted from the date of 

the radiography exam. 

3.6.5 Inclusion and exclusion criteria: 

All patient data provided by the bariatric surgeon were for obese patients, with a 

BMI >= 30 kg/m2, hence, they were eligible for the study.  

During the initial screening of patients’ files, files were excluded if: 

• The file number was in a different format to the standard hospital 

number. This could mean these patients have undergone a bariatric 

surgery procedure by the bariatric surgeon but in different hospital, such 

as a private one.  

• The file showed more than one name for the hospital number. As the list 

provided by the surgeon did not include the patient’s name. Hence, these 

files were excluded. 

• The file number showed no patients name at all. This could be attributed 

to a mistake in typing the patient’s file number in the list. 

The eligible files were then screened for a projection radiography history. All 

projection radiography procedures were of interest, however, since the study 

aimed to evaluate the radiation dose delivered to obese patients in a 

comparison to the normal-weight adult’s doses, the DAP was the only possible 

dose quantity to be collected as it is recorded in the RIS system. ESD was not 

possible due to the nature of the study being conducted retrospectively. All 

radiography procedures that has a comparator in the NDRL were included, i.e. 

the procedures that has a DAP value in the NDRL. This includes;  

• Abdomen AP  

• Chest PA  

• Cervical spine AP + LAT 

• Lumbar spine AP + LAT   

• Thoracic spine AP + LAT  
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• Pelvis.  

These are the main procedures that have been focused on since they have a 

comparator in the NDRL with DAPs value.  

With these in mind, files were screened and any projection radiography 

procedure was included unless:  

• The DAP or its unit was missing  

• The procedure did not match the NDRL criteria in terms of the number 

and types of projections for a comparison purposes  

• The DAP readings were recorded once for multiple exams of different 

body regions  

In the abdomen (AP) radiograph, as noted in the PACS, radiographers usually 

perform abdominal x-ray using two images, and three images in certain 

occasions, but one DAP reading was recorded in the RIS. This is justifiable by 

the fact that the largest image receptor, which is 35 cm x 43 cm, cannot 

accommodate the whole abdomen. For this reason, whether the patient had two 

or three images to cover the abdominal area, it was considered as an AP view, 

and hence analysed and compared to the NDRL. 

3.6.6  Obtaining the data 

The process of data retrieving started in March 2016 and took three months. 

For every patient, the patient’s hospital number entered into the RIS; 

(Carestream Vue RIS, Version 11.0.12.51) in order to open the radiology file of 

the patient. If the patient’s file and the conducted procedure were eligible for the 

study, then the following information was recorded in an external Excel 

spreadsheet:  

• Patient gender 

• Date of birth 

• Type of exam and projections 

• Date of exposure 

• kVp and mAs used ( for each image – from RIS or PACS if not provided 

in the RIS ) 
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• The DAP reading and its unit as entered by the radiographer in the RIS 

• Number of rejection and the reason for rejection. 

Along with this information, other data were extracted from the initial list 

provided by the surgeon and recorded in the excel sheet, this includes: 

• Patient’s hospital number 

• Type of exam and views 

• Date of birth 

• Body mass index (kg/m2) 

• Height (m) 

• Weight (kg) 

If the patient had had a certain exam on a different date, these also were 

recorded under the same patient.  

In order to reduce the human errors during the data recording, several rules had 

to be followed during the data transition. To confirm the file belonged to the right 

patient, the researcher had two checks. First, the hospital number which is 

supplied in the initial list. Secondly, the researcher had to calculate the patient 

age based on the patient’s date of birth, appeared in the RIS, and match the 

calculated age with the listed age. The DAP unit for each entry was recorded as 

it appears in the RIS, and then converted to Gy.cm2 prior to the analysis. To 

check the procedure matches the DRL criteria in terms of number and type of 

view, PACS (VUE PACS version 12.0.0.8902) was used to access the images 

and confirm the eligibility of each procedure. The data were recorded in 

separate excel sheet for each examination. 

3.6.7 Final statistical analysis: 

Every examination was analysed separately. The mean, median, standard 

deviation, minimum and maximum were calculated for age, height, weight, BMI 

and dose (DAP) in each exposure set. Any extreme values were investigated 

and errors were corrected after checking patient details again before the final 

analysis. A double check of the DAP readings were conducted for random files 

(20 files in total including extreme high DAP values) by a medical physicist 

working in the hospital. The statistical analysis was performed using STATA 14. 
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In order to testify a possible correlation between the DAP and patient’s 

anthropometrics, the data distribution had to be tested using histogram and 

Shapiro-Wilk test,(Altman, 1991), in order to use the suitable correlation 

statistical test. 

In addition, the kVp and mAs were descriptively analysed in order to be used in 

the dose modelling.  

3.6.8 Dose modelling: 

As the DAP reading is not a patient dose, it was essential to estimate the 

absorbed dose for each examination based on the reported DAP in order to be 

used in effective risk estimation as per Equation 4. The Monte Carlo PCXMC 

2.0.1.4 (STUK-Radiation and Nuclear Safety Authority, Helsinki, Finland) was 

used to model the mean organ absorbed doses. The software was installed in 

PC run by Windows 7 Enterpise version and has a processor with 3.60 GHz. All 

simulations were set and run by the researcher.  

In the first step of simulation, “examination data” Figure 2, the user is provided 

with a flexible interface to change different parameters including; the patient’s 

height and weight, the type of patient, i.e. paediatric or adult, the beam width 

and height, projection angle, cranio-cadual angle, projection i.e. AP, LAT or PA,  

and the number of photons. Therefore, for both groups, the type of phantom 

chosen was an adult phantom as the study considers this age group only. The 

phantom height (cm), weight (kg), was set based on the median reported in this 

study due to data skewness. For the normal- weight group, these two 

parameters were set based on the mean value, the only reported value in the 

NDRL report.  The type of view was selected based on the reported values in 

both groups, median value. The cranio-caudal angle was kept zero for all 

procedures except for cervical spine it was set to 15°. The max energy and the 

number of photons were both kept to the max values, 150 Kev and 1 million 

photons. This is to reduce the estimation errors in organ dose estimation. FSD 

was set to the standard figure for each procedure as described by Bontrager 

and Lampignano (Bontrager and Lampignano, 2013). However, the PCXMC 

uses the FSD, this was calculated by using the phantom width measured by the 

beam width tool then subtract the result from the FID, 100cm. The reason for 
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not using the calculator provided by the PCXMC, at the lower left corner, is 

because it requires the operator to have the actual data of the actual image 

height and width data, Figure 2. This type of data was neither collected in this 

study nor in the NDRL review. Number of photons was set to one million to 

minimise the errors. 
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Figure 2 Examination data window in PCXMC 

 

In this window, the end user has the chance to amend different patient and 

projection related values. All these parameters have been rectified according to 

data in Table 5, which is based on data reported in this study and in the NDRL 

2010 review (Hart et al., 2012).   



 
 
 

66 
 

Table 5 PCXMC exposure details for both groups 

  Weight FSD Tube 
voltage 

Filtration x-ray 
beam 
width 

x-ray 
beam 
height 

Arms in 
phantom 

Dose 
value 
(Gy.cm2) 

Abdomen 
(AP) 

DRL 71 82 77 3.1 34 43 no 1.8  
Obese Upper 141.55 75 80 3.1 46 30 no 4.445 

lower 141.55 75 80 3.1 45 28 no 4.445  
Chest 
(PA) 

DRL 70 160 90 3.1 34 28 no 0.08 
Obese 125 153 120 3.1 48 30 no 0.156 

Pelvis 
(AP) 

DRL 71 80 75 3.1 34 32 no 1.7 
Obese 125 76 75 3.1 44 33 no 3.46 

Lumbar 
spine 
(AP) 

DRL 71 80 79 3.1 16 35 no 1.2 
Obese 126.25 75 80 3.1 18 35 no 3.9 

Lumbar 
spine 
(LAT) 

DRL 71 70 88 3.1 15 25 no 1.9 
Obese 126.25 54 94 3.1 18 25 no 6.5 

Cervical 
spine 
(AP)* 

DRL 71 90 68 3 14 20 yes 0.1 
Obese 119 87 65 3 15 20 yes 0.145 

Cervical 
spine 
(LAT) 

DRL 71 177 72 3 13 24 yes 0.1 
Obese 119 172 72 3 15 26 yes 0.145 

PCXMC: A PC program for X-ray Monte Carlo simulation software 
FSD: Focus to skin distance 
NDRL: National diagnostic reference level 
kVp: Peak kilovoltage  
AP: Anteroposterior 
PA: Posteroanterior 
LAT: Lateral 

The x-ray beam projection, size and collimation were freely adjusted. The 

researcher used his experience as a radiographer and as recommended in the 

radiography textbook,(Bontrager and Lampignano, 2013), in order to set the 

centring point and the collimation for each procedure.  

For both cervical spine and lumbar spine, both left and right lateral views were 

conducted. The abdominal AP for patients with obesity group was conducted 

twice, i.e. upper abdomen and lower abdomen, this is justified by the fact that 

during the data collection the images on PACS indicates that the most 

predominant practice in this group of patients is two images for the upper and 

lower abdomen. 

The second step was the “simulation”. This was run for each projection and 

procedure for both groups of patients. The simulation for each projection took 

about 4 minutes. This is due to the high number of photons, which means the 
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simulation was repeated for each set of kVp range ten times before averaging 

the results.   

In the third step “compute doses”, the researcher input the x-ray spectrum, i.e. 

kVp, anode angle and the filtration as per values in Table 5 for each projection 

in each group of patients.  

 Figure 3 x-ray spectrum in compute doses window in PCXMC 
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In order to calculate the absorbed dose, the PCXMC allows the end user to 

enter the patient dose in different values. In this study, the DAP was the 

measured value, hence, for consistency purpose and in order to make the two 

sets of data comparable, the calculation of the absorbed dose and effective 

dose by PCXMC utilised the median DAP (mGy.cm2) value as reported in the 

2010 review (Hart et al., 2012), and in this study for each type of radiographic 

examination, Table 5. However, the DAPs for cervical and lumbar spine in the 

obese group were extracted from the RIS as one number for both views, AP 

and LAT. Hence, the combined DAP of lumbar spine AP and LAT, from the 

2010 review, was used as a benchmark to determine the percentage of DAP for 

each projection separately. As a result, the AP lumbar spine represents 37.5% 

while the LAT view represents 62.5% of the total DAP. For the cervical spine, 

the AP and lateral views represent 50% each, of the median combined DAP 

value. The DAP value for each procedure in both groups of patients, obese and 

normal weight, was converted into mGy/cm2 and input into PCXMC as shown in 

Figure 4. The organ absorbed doses were estimated for the radiographic 

examination reported in this study and their comparator from the diagnostic 

reference level 2010 review (Hart et al., 2012). For the abdominal AP in the 

obese patients group, the sum of the absorbed dose for both upper and lower 

abdomen was reported as the final absorbed dose. The final absorbed dose for 

the lateral view in both lumbar and cervical spine for both groups of patient was 

the average of the right and left lateral for each procedure.  
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Figure 4 patients dose input window in PCXMC 
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3.6.9 Lifetime cancer risk estimation: 

The risks of cancer were calculated using Equation 4 (see page 53) as 

described by Brenner, (Brenner, 2014).   

In this study, the age and sex specific lifetime cancer risk figures reported by 

Wall et al. (Wall et al., 2011) was used in effective risk calculation after 

conversion into mGy, Table 6. The sum of the product of the estimated organ 

dose (mGy) and the lifetime risk of cancer incidence for that organ (percentage 

per mGy) gave the effective risk. The age was set from 20 years and above, as 

our data shows very few patients under the age of 20 years and thus this group 

of age was not included in the effective risk estimation.  
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Table 6 Lifetime cancer risk incidence by organ, age and sex for a composite 

Euro-American population (% per mGy) 

Other: includes all remainder tissues: Extrathoracic (ET) region, Gall bladder, Heart, 
Kidneys, Lymphatic nodes, Muscle, Oral mucosa, Pancreas, Prostate (♂), Small 
intestine, Spleen, Thymus, Uterus/Cervix (♀) 

  

organ Age at exposure (Y) 

  20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.00073 0.00078 0.0008 0.00076 0.00061 0.00038 0.00015 

Stomach 0.00057 0.00043 0.00031 0.0002 0.00012 0.00006 0.00002 

Colon 0.00098 0.00079 0.0006 0.00043 0.00025 0.00012 0.00003 

RBM 0.00077 0.00076 0.00078 0.00065 0.00049 0.00033 0.00017 

Bladder 0.00065 0.00055 0.00046 0.00035 0.00023 0.00012 0.00004 

Liver 0.00034 0.00026 0.00018 0.00012 0.00007 0.00003 0.00001 

Thyroid 0.00005 0.00003 0.00001 0.00001 0 0 0 

Oesophagus 0.00011 0.00011 0.00012 0.00014 0.00015 0.00015 0.0001 

Other 0.00202 0.00142 0.00096 0.0006 0.00031 0.00012 0.00003 

All cancers 0.00622 0.00513 0.00422 0.00326 0.00223 0.00131 0.00055 

Females 

Breast 0.00221 0.00144 0.00084 0.00045 0.00021 0.00008 0.00002 

Lung 0.00158 0.0017 0.00178 0.00172 0.00139 0.00082 0.00029 

Stomach 0.00088 0.00067 0.00048 0.00033 0.0002 0.0001 0.00003 

Colon 0.00048 0.00038 0.00029 0.00021 0.00014 0.00007 0.00002 

RBM 0.0005 0.00045 0.00077 0.00049 0.00029 0.00015 0.00006 

Bladder 0.00052 0.00045 0.00039 0.00032 0.00024 0.00014 0.00005 

Liver 0.00015 0.00011 0.00008 0.00006 0.00003 0.00002 0 

Thyroid 0.00026 0.00013 0.00006 0.00002 0.00001 0 0 

Oesophagus 0.0001 0.00012 0.00015 0.00021 0.00028 0.0003 0.00019 

Ovary 0.00031 0.00024 0.00017 0.00011 0.00006 0.00002 0.00001 

Other 0.00156 0.00111 0.00075 0.00048 0.00027 0.00013 0.00004 

All cancers 0.00855 0.0068 0.00576 0.0044 0.00312 0.00183 0.00071 
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3.7 Results 

Of 1964 obese patients’ files, 1225 were not eligible for the study. The 

remaining 739 files were screened and 630 of them showed a history of 

projection radiography while 109 showed no history.  

In Figure 5, included and excluded files are listed with the justification of the 

decision. From 630 files that met the inclusion criteria, the investigations that 

have been accessed through RIS are listed in Figure 6 with the justification of 

the inclusion and exclusion.   
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3.7.1 Included and excluded files and procedures 

Figure 5 Number of files included and excluded based on files screening  

 

 

1964 patients in
the initial list.

739 patients' files 
were accessible

109 has no history 
of projection 

radiographic exam

630 has 
radiographic 

exams history

175 duplicated 
patients' files 

number

533 patients' files 
show no radiology 

history

279 patients' files 
not accessible

238 patients' files 
have different 

hospital ID format
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Figure 6 Number of included and excluded radiographic investigations 
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272 chest 183

122 knee no NDRL reference

108 abdomen 50

69 shoulder no NDRL reference

58 lumbar spine 34

56 foot no NDRL reference

48 ankle no NDRL reference

47 pelvis 27

35 hand no NDRL reference

32 cervical spine 16

31 hip no NDRL reference

31 fingers no NDRL reference

23 wrist no NDRL reference

15 kidney both no NDRL reference

15 thoracic spine did not meet the NDRL 
and the study criteria

11 scaphoid no NDRL reference

10 elbow no NDRL reference

6 clavicle no NDRL reference

4 others no NDRL reference
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3.7.2 Patients’ characteristics:  

Table 7 Patients' characteristics 

 Number  Age (year) Height (m) Weight (kg) BMI (kg/m2) 
Abdomen 
(AP) 
 

50 Mean ± SD  48 ± 12.5 1.66 ± 0.1 142.39 ± 29.19 50.71 ± 8.36 
Median  
(min – max) 

47.57  
(19.7 – 75.2) 

1.66  
(1.4 – 1.93) 

141  
(81.4 – 222) 

50.25  
(32.6 – 69.7) 

Chest (PA) 
 

183 Mean ± SD 47.98 ± 10.78 1.67 ± 0.09 140.16 ± 30.57 49.86 ± 8.94 
Median  
(min – max) 

48.46  
(18 – 70.2) 

1.65  
(1.48 – 1.96) 

136  
(81.4 – 301.6) 

48.8  
(34.5 – 98.5) 

Pelvis (AP) 27 Mean ± SD 55.22 ± 8.34 1.67 ± 0.08 130.09 ± 25.30 46.02 ± 6.65 
Median  
(min – max) 

55.70  
(43.2 – 83.13) 

1.68  
(1.52 – 1.84) 

125  
(91.6 – 199) 

45.2  
(35.8 – 59.4) 

Lumbar 
spine  
(AP & Lt) 

34 Mean ± SD 47.43 ± 12.58 1.68 ± 0.11 129.33 ± 27 45.57 ± 7.37 
Median  
(min – max) 

46.30  
(19.37 – 83.20) 

1.68  
(1.48 – 1.98) 

126.2  
(78.5 – 186) 

44  
(30.7 – 61) 

Cervical 
spine  
(AP & Lt) 

16 Mean ± SD 53.24 ± 10.88 1.64 ± 0.08 124.95 ± 26.39 45.77 ± 7.68 
Median  
(min – max) 

55.15  
(27.27 – 70.18) 

1.65  
(1.5 – 1.83) 

118.8  
(85.7 – 177.8) 

44.4  
(35.8 – 59.4) 

 

Table 7 summarises the characteristics of patients’ anthropometry for each 

procedure. This included patients who met the criteria of the NDRL for each 

procedure in terms of number and types of projection. From Table 7 it can be 

seen that among the obese patients in our sample are young patients, less than 

20 years of age. Additionally, of these patients, who underwent projection 

radiography and managed by radiographers, are patients with body weight up to 

300 kg and a BMI of 98.2 kg/m2. 

  



 
 
 

76 
 

3.7.3 Radiation dose (DAP):  

Table 8 Patient dose (DAP) 

  DAP (Gy.cm3) 

 Number Mean Min. Max. 1st 
quartile 

Median 3rd 
quartile 

Abdomen (AP) 50 21.09 0.13 431.12 3.59 8.89 17.6 
Chest (PA) 183 0.33 0.007 6.81 0.08 0.15 0.32 
Pelvis (AP) 27 5.1 0.078 21.48 1.12 3.46 5.69 
Lumbar spine 
(AP & Lt) 

34 26.57 0.43 181 3.70 10.40 30.31 

Cervical spine 
(AP & Lt)  

16 0.80 0.02 6.73 0.08 0.2 0.9 

 

Table 8 summarises the radiation dose (DAP) received by obese patients of 

both genders for each procedure. In the abdomen AP exam, the recorded DAP 

reached a maximum of 431 Gy.cm2. This was considered at the beginning to be 

an outlier, since the next figure below was 174 Gy.cm2. However, this value was 

double checked specifically by the medical physicist for typographical error but 

was found to be correctly entered. The analysis was done without this figure but 

the descriptive DAP analysis shows similar high median and 3rd quartile values, 

8.75 and 17.3 Gy.cm2, respectively. It can be seen the 3rd quartile DAP for 

lumbar spine (AP + LAT) and abdominal (AP) are the highest while the chest 

(PA) is the lowest. 
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3.7.4 Patients’ dose (DAP) compared to the NDRL:   

  Table 9 patient dose (DAP) compared to the NDRL 

 3rd quartile DAP 

(Gy.cm2) 

NDRL DAP 

(Gy.cm2) 

Increase 

% 

Abdomen AP 17.6 2.5 604 

Chest PA 0.32 0.15 133 

L. spine (AP + 
LAT) 

30.3 4 657 

C. spine (AP + 
LAT) 

0.9 0.3 200 

Pelvis AP 5.69 2.2 158.6 

 

Table 9 shows the 3rd quartile of the DAP reported in this study compared to the 

NDRL values. The DAP value in the NDRL for lumbar spine AP and LAT were 

combined in order to be comparable with the current study results. The same 

applied to the cervical spine. As shown in Table 9, the patient dose (DAP) for 

lumbar spine and abdominal examination are the highest, more than 600% 

higher, compared to the NDRL values.     
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3.7.5 Correlations between patients’ size and received doses: 

Table 10 Spearman correlation between DAP and patients’ anthropometrics 

DAP 
(Gy.cm2) 

Age (year) Height (m) Weight (kg) BMI (Gy.cm2) 

 n  r  P n r P n r P n r P 

Abdomen  50 -
0.07 

0.61 50 0.38 0.006 50 0.52 0.0001 50 0.42 0.002 

Chest  183 -
0.05 

0.42 183 0.15 0.035 183 0.25 0.0005 183 0.20 0.005 

Pelvis  27 -
0.17 

0.37 27 0.06 0.74 27 0.10 0.60 27 -0.15 0.44 

Lumbar 
spine  

34 -
0.01 

0.93 34 0.22 0.2 34 0.14 0.41 34 -0.02 0.90 

Cervical 
spine  

18 -
0.05 

0.84 18 0.05 0.83 18 0.13 0.59 18 0.16 0.51 

n= Number of patients included in the analysis 
r= correlation coefficient  
P= significant level   

 

Since the dose in normal weight patients is dependent on the patient size (Hart 

et al. 2009), the relationship between the DAP and the patients’ 

anthropometrics was tested. Histograms of the anthropometric measures 

demonstrated the data were not normally distributed. For this reason, 

Spearman’s correlation was conducted to investigate the relation between the 

DAP in each procedure and the participants’ age, height, weight and BMI. As 

shown in Table 10, weak to moderate correlations were found between dose in 

chest and abdomen with patient’s size.  
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3.7.6 Absorbed dose: 

Both Table 11 and Table 12 summarise the estimated body organs absorbed 

dose that has a tissue weighting factor values in the ICRP as mentioned earlier 

in Table 4 for both groups, normal weight and obese.  
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Table 11 Estimated absorbed dose (mGy) for normal weight adult group  

 Abdomen 
AP 

Chest PA Lumbar 
spine AP 

Lumbar 
spine LAT 

Cervical spine  
AP 

Cervical spine 
LAT 

Pelvis AP 

Active bone marrow 0.108693 0.016209 0.071944 0.212476 0.007607 0.0079235 0.079894 
Adrenals 0.109176 0.016684 0.112605 0.158413 0.000078 0.000076 0.002529 
Brain 0.00002 0.000204 0.000002 1.65E-05 0.001408 0.013466 0 
Breasts 0.018911 0.011107 0.007462 0.004307 0.00117 0.0003255 0.001525 
Colon (Large intestine) 0.516864 0.000137 0.568795 0.445779 0.000003 0.000001 0.450814 
Extra thoracic airways 0 0.001702 0 0 0.129275 0.0965375 0 
Gall bladder 0.621758 0.001284 0.86362 0.333645 0.00002 0.0000125 0.046708 
Heart 0.097638 0.017297 0.031475 0.01902 0.001156 0.000428 0.000676 
Kidneys 0.110651 0.001775 0.131187 0.64617 0.000022 0.00002 0.015505 
Liver 0.524419 0.008401 0.247497 0.551324 0.000149 0.0000805 0.012646 
Lungs 0.075691 0.049341 0.016052 0.019784 0.005584 0.0027555 0.000465 
Lymph nodes 0.279524 0.007259 0.350861 0.211796 0.040548 0.033522 0.14491 
Muscle 0.22197 0.0084 0.181478 0.213189 0.008214 0.0065825 0.223765 
Oesophagus 0.093113 0.021656 0.064925 0.034929 0.007698 0.003931 0.001266 
Oral mucosa 0 0.000636 0 0 0.043731 0.0719815 0 
Ovaries 0.3796 0.000003 0.519549 0.418014 0 0 0.427441 
Pancreas 0.31732 0.005834 0.393251 0.291252 0.000084 0.0000585 0.008109 
Prostate 0.521442 0 0.657472 0.033067 0 0 0.748688 
Salivary glands 0.000046 0.001221 0.000038 0.00002 0.104901 0.1432115 0 
Skeleton 0.135787 0.027961 0.076982 0.177099 0.023929 0.034724 0.136799 
Small intestine 0.487214 0.000159 0.667478 0.44225 0.000002 0.000002 0.444676 
Spleen 0.189677 0.00836 0.141632 0.750045 0.000108 0.000073 0.007019 
Stomach 0.747396 0.003772 0.811369 0.327241 0.000059 0.000043 0.023392 
Testicles 0.180483 0 0.07389 0.005865 0 0 1.709212 
Thymus 0.007655 0.008789 0.002753 0.002679 0.015235 0.0013315 0 
Thyroid 0.000173 0.004263 0.000017 0.000014 0.281831 0.172378 0 
Urinary bladder 0.804832 0.000003 1.269072 0.084356 0 0 1.036563 
Uterus 0.48837 0.000022 0.775065 0.234694 0 0 0.574929 
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Table 12 Estimated absorbed dose (mGy) for patients with obesity  

 Abdomen PA Chest PA Lumbar AP Lumbar LAT Cervical spine AP Cervical spine LAT Pelvis AP 
Active bone marrow 0.215588 0.022015 0.085017 0.398479 0.007554 0.007744 0.062619 
Adrenals 0.11805 0.040371 0.134804 0.286962 0.000169 0.000224 0.003298 
Brain 0.000155 0.000809 0.000044 0.000157 0.002334 0.018313 0 
Breasts 0.08901 0.008903 0.024472 0.013796 0.001888 0.0004685 0.003829 
Colon (Large intestine) 1.527316 0.000595 0.801672 0.825316 0.000007 0.000007 0.443185 
Extra thoracic airways 0.000776 0.004668 0.000219 0.000681 0.119913 0.0755965 0 
Gall bladder 1.560365 0.003206 1.714574 0.445695 0.000068 0.000055 0.066478 
Heart 0.263725 0.016744 0.098051 0.053221 0.002856 0.00074 0.001287 
Kidneys 0.147443 0.0065 0.12215 1.006011 0.000049 0.000059 0.014376 
Liver 1.101965 0.014416 0.620903 1.373744 0.000276 0.0002135 0.019104 
Lungs 0.174816 0.056435 0.039569 0.083668 0.004819 0.0040075 0.000988 
Lymph nodes 0.716022 0.010316 0.567227 0.357315 0.03526 0.0303865 0.151667 
Muscle 0.676348 0.010952 0.364005 0.51779 0.007796 0.0065885 0.281335 
Oesophagus 0.136343 0.026266 0.131944 0.084659 0.004874 0.00403 0.001934 
Oral mucosa 0.000937 0.001696 0.00002 0.000536 0.064456 0.05685 0 
Ovaries 0.938332 0.000245 0.720481 0.635418 0 0 0.373365 
Pancreas 0.492233 0.012342 0.498785 0.566744 0.000173 0.000149 0.011939 
Prostate 1.050915 0.000014 1.523294 0.085477 0 0 0.800879 
Salivary glands 0.000965 0.003196 0.000077 0.00073 0.085168 0.149172 0 
Skeleton 0.273477 0.034262 0.112848 0.337881 0.023272 0.035131 0.126609 
Small intestine 1.454548 0.000736 1.055025 0.685665 0.000008 0.000008 0.42345 
Spleen 0.256834 0.020904 0.066189 1.783312 0.000187 0.0001865 0.009561 
Stomach 1.718967 0.006389 0.749021 0.647911 0.000138 0.0001105 0.034845 
Testicles 1.112807 0.000003 0.593803 0.01827 0 0 2.39224 
Thymus 0.033636 0.007086 0.013869 0.011178 0.073776 0.0016355 0.000006 
Thyroid 0.002174 0.010324 0.000536 0.002635 0.233857 0.1518775 0 
Urinary bladder 2.215332 0.000057 2.811318 0.161473 0 0 1.22662 
Uterus 1.399839 0.000199 1.390383 0.275324 0 0.0000005 0.55856 
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Table 11 demonstrates the organ absorbed radiation dose (mGy) for the normal 

weight group based on exposure parameters illustrated earlier in table 5.  In 

table 12 the absorbed radiation dose (mGy) values are for the obese patients 

based on exposure parameters illustrated in table 5. These values are based on 

the average value generated by PCXMC simulation software with errors less 

than 10% due to the one million photons used to run the simulations.   
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3.7.7 Effective dose: 

 Table 13 Effective dose for all procedures in both groups of patients  
E: Effective dose 
NDRL: National Diagnostic Reference Level 

mSv: millisievert  
AP: Anteroposterior 
PA: Posteroanterior 
LAT: Lateral 
∆: difference 

 

Table 13 shows the effective dose received by each group in all reported 

procedures. The highest difference between the two groups is in abdominal AP 

and lumbar spine AP and LAT. In the cervical spine the difference between the 

two groups is of a negative value. 

 

 Non obese (NDRL) Obese group 
 E (mSv) Error % E (mSv) Error 

% 
∆ ∆ % 

Abdomen (AP) 0.285 0.2 0.741 0.3 0.456 160 
Pelvis (AP) 0.212 0.2 0.245 0.2 0.033 15.56 
Chest (PA) 0.012 0.1 0.015 0.1 0.003 25 
Lumbar spine (AP) 0.299 0.1 0.459 0.1 0.16 53.51 
Lumbar spine 
(LAT) 

0.198 0.2 0.389 0.2 0.191 96.46 

Cervical spine 
(AP) 

0.016 0.3 0.015 0.3 -0.001 -6.25 

Cervical spine 
(LAT) 

0.012 0.3 0.011 0.3 -0.001 -8.33 

Lumbar spine  
(AP + LAT) 

0.497 0.3 0.848 0.3 0.351 70.62 

Cervical spine  
(AP +LAT) 

0.028 0.6 0.026 0.6 -0.002 -7.14 
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Table 14 Radiation-related lifetime cancer risk incidence for both obese and non-obese groups of patients (per 106) 

DRL= Diagnostic Reference Level.  
AP: Anteroposterior.  
PA: Posteroanterior.  
LAT: Lateral.  
∆ %: difference percentage

  Abdomen AP Chest 
PA 

 Pelvis (AP) Lumbar spine 
(AP) 

Lumbar spine 
(LAT) 

Lumbar spine 
(AP+LAT) 

Cervical spine 
(AP) 

Cervical spine 
(LAT) 

Cervical spine 
(AP+LAT) 

Age  Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female Male Female 

20-29 DRL 21.8 20.5 0.7 1.3 14.2 11.1 24.8 23.1 14.7 12.5 39.4 35.6 0.7 1.3 0.7 0.9 1.4 2.2 

 Obese 55.1 51.9 0.9 1.5 15.4 12.0 41.9 36.2 29.1 24.5 71.0 60.7 0.7 1.2 0.6 0.9 1.4 2.0 

 Δ % 152.6 153.1 33.7 16.6 9.1 8.3 69.0 56.8 98.5 95.5 80.0 70.4 4.4 - 5.9 - 5.7 - 6.4 - 0.5 - 6.1 

30-39 DRL 17.4 16.4 0.6 1.2 11.6 9.1 19.7 18.3 11.6 9.7 31.3 28.0 0.5 0.8 0.5 0.6 1.0 1.4 

 Obese 44.1 41.4 0.8 1.4 12.6 9.8 33.6 29.2 23.0 19.2 56.6 48.3 0.5 0.7 0.5 0.6 1.0 1.3 

 Δ % 153.1 152.4 29.9 16.7 9.0 8.7 70.4 59.2 99.1 97.5 81.0 72.5 4.2 - 4.2 - 4.7 - 4.0 - 0.1 - 4.1 

40-49 DRL 13.5 13.2 0.6 1.2 9.2 7.6 15.2 14.4 8.9 8.1 24.2 22.5 0.4 0.5 0.3 0.4 0.7 0.9 

 Obese 34.2 33.1 0.8 1.4 10.1 8.2 26.3 23.4 17.8 16.1 44.0 39.5 0.4 0.5 0.3 0.4 0.7 0.9 

 Δ % 153.2 149.9 26.9 17.8 8.9 8.1 72.3 62.4 99.4 99.6 82.3 75.7 4.4 - 3.2 - 3.0 - 0.8 0.8 - 2.2 

50-59 DRL 9.8 9.9 0.6 1.1 6.8 5.7 10.9 10.6 6.3 5.6 17.3 16.2 0.3 0.3 0.2 0.2 0.5 0.6 

 Obese 24.7 24.7 0.7 1.3 7.4 6.2 19.0 17.7 12.7 11.5 31.8 29.2 0.3 0.3 0.2 0.3 0.5 0.6 

 Δ % 153.2 149.1 24.5 17.3 8.9 9.3 74.6 66.9 100.4 104.4 84.1 79.9 1.6 - 3.2 - 1.7 3.6 0.0 - 0.2 

60-69 DRL 6.2 6.7 0.4 0.8 4.3 3.9 6.8 7.1 3.9 3.5 10.7 10.6 0.2 0.2 0.1 0.2 0.3 0.4 

 Obese 15.5 16.7 0.5 1.0 4.7 4.3 11.9 12.3 8.0 7.3 19.9 19.6 0.2 0.2 0.1 0.2 0.3 0.4 

 Δ % 151.5 148.0 22.6 17.0 8.9 10.5 76.4 72.2 102.0 109.0 85.8 84.3 0.5 - 6.2 1.1 6.8 0.8 - 0.7 

70-79 DRL 3.2 3.7 0.3 0.5 2.2 2.1 3.4 3.9 2.1 1.8 5.5 5.7 0.1 0.1 0.1 0.1 0.2 0.2 

 Obese 8.0 9.2 0.3 0.6 2.4 2.4 6.1 6.9 4.2 3.9 10.3 10.8 0.1 0.1 0.1 0.1 0.2 0.2 

 Δ % 148.1 144.1 21.7 17.2 8.3 11.7 76.9 77.2 102.9 114.7 56.6 89.2 - 4 - 9.0 3.1 10.4 - 0.8 - 1.0 

80-89 DRL 1.1 1.3 0.1 0.2 0.7 0.7 1.1 1.4 0.8 0.6 1.9 2.0 0.0 0.0 0.0 0.0 0.1 0.1 

 Obese 2.7 3.1 0.2 0.2 0.8 0.8 2.0 2.4 1.6 1.3 3.6 3.8 0.0 0.0 0.0 0.0 0.1 0.1 

 Δ % 138.9 138.3 21.8 17.5 7.0 11.5 77.5 80.3 104.0 114.0 88.2 90.8 - 8.6 - 13.8 4.0 10.1 - 3.0 - 4.2 
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As Table 14 shows, radiation-related lifetime cancer risks are highest in lumbar 

spine, abdomen and pelvis radiographs for both normal-weight and obese 

patients. However, the differences between the two groups reach up to 153 % 

higher in patients with obesity when undergoing abdominal radiograph. In 

lumbar spine, the gap in radiation-related lifetime cancer risk is high, 70 %. 

However, a small negative trend of cancer risk is observed as a result of 

cervical spine in patients with obesity compared to normal-weight patients.   
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3.8 Discussion: 

This study is the first study to report the radiation dose (DAP) delivered to 

obese patients and estimated the cancer risk induced as a result in the UK. For 

the five procedures reported in this study, obese patients are receiving higher 

doses than normal weight adults, as shown in Table 9. This result is in line with 

other studies conducted in other modalities (Wang et al., 2013, Hsi et al., 2013, 

Cushman et al., 2016, Smuck et al., 2013). In projection radiography, the 

current results broadly align with what has been reported in the literature 

(Terlizzi et al., 2011, Kim et al., 2012, Tung et al., 2008). With regard to the 

percentage of radiation dose (DAP) increase between NDRL and patients with 

obesity (Table 9) the current study agrees with what has been reported by 

Metaxas et al, where the radiation dose in lumbar spine and abdomen reach up 

to 375 % more than normal weight patient dose (Metaxas et al., 2018). The 

difference percentage reported in the current study is almost double the figure 

reported by Metaxas and colleagues, which is attributed to the difference in BMI 

reported in both studies. In the current study the average BMI was 48 kg/m2, 

while in Metaxas et al, the average BMI is was 32 kg/m2. Additionally, the DRLs 

in both studies are different.  

In the current study, the patient dose (DAP) was significantly high compared to 

the NDRL values, Table 9. The highest difference between patients with obesity 

dose (DAP) and the NDRL was in lumbar spine (AP & LAT) and abdominal (AP) 

radiographs. These two examinations are expected to be the most challenging 

in imaging and it could reasonably be speculated that higher exposures would 

be needed. These high doses are of concern as these two examinations 

comprise 3.81% and 2.53% of the x-ray examinations conducted in the UK out 

of 231 examinations (Hart et al., 2010). Additionally, these two examinations 

involve irradiation to the reproductive organs and this will increase the 

occurrence of heritable effects. Moreover, the more sensitive organs such as 

colon and stomach are in the direct beam of radiation in these two procedures, 

while the remaining sensitive tissue such as lungs and breast are in the near 

field of scattered radiation.  
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It could be argued that these two examinations are less requested these days 

due to the availability of advance modalities such as CT. However, it should be 

pointed out that the challenge of fitting patients with obesity into the CT scan 

bore is increasing, due to gantry width and table weight limits (Carucci, 2013). 

In a very recent study in the UK considering the challenges in imaging patients 

with obesity and preparedness of UK radiography departments to meet these 

challenges, 14 out of 86 trusts in the country were already considering utilising 

their local veterinarian’s scanner for patients with obesity (Wiles et al., 2017). 

Therefore, lumbar spine and abdominal radiographs for patients with obesity 

are still requested and in some cases as the only available option.  

In the abdominal AP radiograph, this issue could be exacerbated as the 

predominant practice in this group of patients is to undertake two images or 

even more due to the constraint of the size of image receptors (Carucci, 2013). 

With the absence of guidelines in managing this group of patients, (Le et al., 

2015a), the overlapping between the two images could be larger than what is 

required in order to avoid missing a part of the examined area. This could 

explain the result of high patient dose (DAP) in this study compared to the 

NDRL.  

In the remaining procedures; chest and cervical spine, the patient dose is higher 

than the NDRL but in an expected range. For the pelvis AP, the reason for the 

comparable patient dose to the NDRL could be due to the low number of 

patients in the current study, 27 patients respectively. 

In terms of the estimated effective dose for both groups of patients based on the 

reported dose (DAP) in the current study and in the NDRL (Hart et al., 2012), 

the results of this study agreed broadly with the reported results in the literature 

(Yanch et al., 2009, Tung et al., 2008). For the purpose of comparison with the 

NDRL group, the current study’s results agree with a similar study reported for 

the same group of patients in the UK (Wall et al., 2011). Minor differences can 

be attributed to the fact that in Wall and colleagues study, the effective dose 

was based on two simulations based on the ESD and the DAP. Additionally; the 

field size, anode angle and FSD might be different to the values set in the 

current study, as they were not reported in their paper.  
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In Yanch and colleagues’ study, the reported effective dose varied based on the 

fat orientation (Yanch et al., 2009). The body type, in Yanch et al’s study, where 

the result could be comparable to the current result is the body type 5, where 

the subcutaneous fat is distributed equally on each side of the patients. Even 

though, the effective dose reported by Yanch and colleagues is much higher 

than the effective dose in the current study. The reasons could be attributed to 

the fact that different Monte Carlo simulations software was used; PCXMC in 

the current study and MCNPX in Yanch’s et al’s study. Additionally, the 

modification of the stylized phantom in their study to represent obese patients 

was different as layers of subcutaneous fat were added, while in the current 

study, PCXMC increases the mass of organs rather than adding fat layers.  

Despite the differences between the two studies, the effective dose is higher in 

patients with obesity which indicates higher risk of induced cancer as a result 

(Table 13). The absorbed doses estimated again are higher in patients with 

obesity. As Table 11 and Table 9 show, the most sensitive organs, i.e. organs 

that have high tissue weighting factor such as; colon and stomach, are receiving 

the highest dose in abdomen AP and lumbar spine AP & LAT.  

However, these results contradict the result reported by (Tung et al., 2008, Kim 

et al., 2012). In Tung and colleagues study, the reason could be attributed to 

the use of different Monte Carlo software, WinODS, which is no longer 

available; this work could be repeated using different software to explore any 

differences. Although, the absorbed dose to the stomach was reported to relate 

inversely with the BMI in Tung’s study, the effective dose reported in their study 

shows a proportionate relation with the BMI. In Kim and colleagues study, the 

same value of patient dose was used, i.e. the ESD (Kim et al., 2012). This could 

be attributed to the fact that the estimation of effective dose based on ESD 

agreed less with the value measured directly with TLD in a phantom study 

(Theocharopoulos et al., 2002).  

This in turn creates a debate around whether the fat works as cushion to protect 

the organs inside the abdomen and chest. This could be true as Yanch and 

colleagues suggested in their study (Yanch et al., 2009). Their phantom 

consists of a layer of subcutaneous fat and they noticed decrease in the 
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absorbed dose to the organs that are located deep in the abdomen. This is 

anticipated as most of the photons will be attenuated before penetrating into the 

deeper tissues. In the current study, no fat was added as it was not possible; 

hence, it was not possible to test this hypothesis using PCXMC.  

However, fat distribution is different between individuals i.e. some people have 

more visceral fat while other have more subcutaneous. The visceral fat was not 

taken into account in either of the Yanch and Kim studies (Yanch et al., 2009, 

Kim et al., 2012) where the organ dose was reported to be lower than in lean 

phantoms. It is very difficult to incorporate visceral fat in any stylised, 

mathematical or physical phantom. The reason is that no study described the 

deformation or movement of internal organs in response to visceral fat (Ding et 

al., 2012). Also in physical phantoms, there is no phantom that represents 

obese patients. So, this could explain the discrepancies between the results of 

current study and previous studies. Until standard phantoms that represent 

obese patients of various BMI are constructed, it is difficult to prove whether 

deeper organs absorbed less energy when both visceral and subcutaneous fat 

are considered.  

From Table 11 and Table 9, it can be noted that the absorbed dose in cervical 

spine AP and LAT radiographs is less in certain organs in the patient with 

obesity group compared to the NDRL patient. This could be attributed to the fact 

that the difference in patient dose (DAP) used in the simulation for the two 

groups was very low, 0.04 Gy.cm2, (Table 5). In a previous study conducted by 

Kim and colleagues, absorbed dose in high BMI compared to low BMI groups is 

similar if the patient dose (DAP) was similar (Kim et al., 2012). This is due to the 

excess fat layers in patients with obesity that absorbed radiation dose and 

protects internal organs. 

The weak to fairly moderate correlations between the DAP and patient’s size in 

abdomen and chest procedures indicate that high DAPs are delivered to lower 

BMI patients within the cohort and vice versa. This could be attributed to the 

absence of clear guidelines in the literature to help achieve an optimal image 

with the lowest practicable dose (Le et al., 2015a). Such variation has already 

been reported in selection of exposure factors, which impact directly on DAP, 
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for patients with obesity (Darcy et al., 2015). However, the local DRL, in the 

hospital where the study was carried out, for the reported investigations in this 

study is lower by 32% on average than NDRL. This indicates that there are 

good protocols already in place to ensure adherence with the ALARA principle. 

As a result, the reported DAPs for patients with obesity could be at the lower 

band of radiation dose (DAP) to this group of patients as the local DRLs 

evidence the good practice in place. Additionally, as a bariatric centre, the 

radiographers are highly trained to x-ray patients with obesity. 

In terms of lifetime cancer risk to the patients with obesity group in comparison 

with the NDRL group, the highest difference was in lumbar spine and abdominal 

radiographs.  The increase in the radiation-related lifetime cancer risk incidence 

is an indication of new challenges in the health management of patients with 

obesity. Due to the semi-identical median DAP for both groups in cervical spine 

AP & LAT projections, the absorbed dose in the obese group was less than 

NDRL group. This eventually impacts on the cancer risk estimation which 

shows a decrease in radiation-related lifetime cancer risk in the obese group 

compared to the DRL group. This could be explained by the fact that the 

absorbed dose in patients with obesity is less than the normal-weight adult 

when receiving identical DAPs, due to the extra fat which acts as a protection 

layer for the internal organs.  

The reported radiation-related lifetime cancer risk in this study is a projected risk 

and did not take into account any other factors or background cancer rates. 

Additionally, it did not consider the issue that obese patients may receive more 

diagnostic radiography procedures but rather considered the single exposure 

reported in this study. This is due to the uncertainty in the model used to 

calculate the risk. Although, obesity is already reported to increase the risk of 

different types of rare cancers (Renehan et al., 2008), the projected radiation-

related lifetime cancer risk reported in this study is applied only on this cohort 

group based on the reported DAP of the specific radiographic investigations. 

Hence, the radiation-related lifetime cancer risk to the obese population as a 

whole has not been considered as the data were collected from one centre. 

Likewise, the same applies to the normal-weight group, as the projected 

radiation-related lifetime cancer risk is for the patients who received identical 
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DAP dose reported in the NDRL, which doesn’t necessarily apply to all patients 

with normal weight due to the variation of local DRLs across the country. More 

data of radiation-related lifetime cancer risk is provided in Appendix 5. 

Radiographers are facing tremendous challenges when imaging obese patients 

as the data show the weight of obese patients can reach up to 300 kg. The 

weak to fairly moderate correlations between the dose and patient’s size in 

abdomen and chest procedures indicate that high doses are delivered to lower 

BMI patients within the cohort and vice versa. This could be attributed to the 

absence of clear guidelines in the literature to help with achieving an optimal 

image with the lowest practicable dose (Le et al., 2015a). The increase in life 

time cancer risk incidence is an indication of new challenge in the health 

management of obese patients as more cancers can be seen as a result of 

radiation exposure.  

The current study should be interpreted in the context of its limitations. One of 

the study limitations is the fact that it was conducted retrospectively. This 

imposes extra restrictions in inclusion criteria. For example, DAP readings are 

usually entered by radiographers for multiple views or even multiple 

examinations, if conducted at the same time. As a result, inclusion of such 

patients was not possible as the DAP was not representative of the view and 

examination of interest. This means the dose could be higher than the reported 

dose in the study. The opposite is also possible, as the DAP readings are at risk 

of typographical errors when entered by the radiographers at the time of the 

examination.  

Another limitation of the study is the use of PCXMC 2.0 to estimate mean organ 

absorbed dose. This is due to the fact that the stylised phantom used is not a 

true representation of the human organs. Furthermore, it does not take into 

account the amount of fat that increases along with the BMI, which contributes 

to high rate of scattered radiation, but instead increases the mass of the organ 

in proportion to the whole phantom mass. Due to the semi-identical median 

DAP for both groups in cervical spine, AP & LAT view, absorbed dose in the 

obese group was less than DRL group. This eventually impacts on the cancer 

risk estimation which shows a decrease in lifetime cancer risk in the obese 
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group compared to the DRL group. This problem is explained by the fact that 

when high BMI patients exposed to same radiation as normal weight using 

PCXMC, they absorbed less radiation in their organs than normal weight group 

(Kim et al., 2012). Also the difference between the DAPs, obese and DRL, 

readings is 45 mGy, while the difference in body mass is 47kg for the whole 

body. However, to date there is no accessible voxel phantom with high BMI 

similar to the mean BMI of the participants in the current study in order to use 

other Monte Carlo as an alternative.  

The study shows a new potential challenge in obese patients’ management in 

the radiology department with serious implications for the health service. Dose 

variations demonstrate the need for clear and accessible guidelines for the 

management of radiation dose to obese patients in radiology departments. 

Additionally, the study highlights the estimated increase in cancers likely to be 

seen among obese patients who undergo such investigations. Despite the high 

doses reported in this study, radiographers in the main centre of the study are 

highly trained to deal with obese patients and this could mean the reported dose 

is at the lower range compared to other hospitals where less training is provided 

for the radiographers. Therefore, further research into dose optimisation is 

required and more guidelines are needed to guide the radiographers in imaging 

these patients. These guidelines should contain a thickness-based exposure 

factor predictor that can be used by radiographers when selecting the exposure 

factors to reduce radiation dose variation received by patients with obesity.   

The study’s scale is small compared to the number of obese patients in the UK, 

this means similar studies are needed to investigate if the case in this study is 

similar in other parts of the country. Our study also considers obese patients, 

but the BMI range was 40 kg/m2 and over, so the obese patients ranged from 

30 to 40 kg/m2 need to be evaluated to determine whether the same dose 

figures are true. Further studies could also determine the factors that impact on 

dose such as radiographer’s experience and type of x-ray machine.  

3.9 Conclusion: 

The findings of the current study may have implications for clinician, 

radiographer, policy makers and health economists. Clinicians considering the 
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correct investigation before writing the x-ray request especially for obese 

patients should be aware of the increased risks compared to normal weight 

patients, in particular whether projection radiography will affect the diagnosis or 

whether alternative radiology investigations should be considered. 

Radiographers should take extra effort to evaluate the dose to obese patients 

periodically. Policy makers considering improving the quality of health services 

could take this result into account and negotiate it with health technology 

manufacturers to find ways to tackle the high dose delivered to obese patients. 

Additionally, this means research is needed in dose optimisation for obese 

patients in order to establish exposure guidelines in such patient groups. For 

health economists, this could be taken into account when estimating the 

economic burden as a result of obesity.  
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4 Chapter 4: Body composition quantification 

4.1 Introduction: 

Based on the conclusion of the previous chapter, abdomen and lumbar spine 

radiographs are the most challenging body parts in projection radiography. The 

body composition in this region has to be quantified in order to build obese 

phantoms that reflect that of obese patients.  

This chapter will introduce the reader to the topic of “body composition” and 

aims to illustrate the changes in body composition within obese populations. 

The reader will first be introduced to the definition and rationale for the use of 

body composition in the formation of the radiographic image and the justification 

of including such a study in this project. The reader then will be briefly 

introduced to the models and methods used to measure body composition. 

More details will be contained in the body composition measurement methods 

used in this study. The method will follow along with a statistical analysis. The 

results will be presented in forms of tables and figures, and then a discussion 

will follow. The conclusion will then be drawn with a brief link of this study to the 

subsequent chapter. 

4.1.1 Aims:  

The aim of this study was to demonstrate the changes in body composition of 

obese populations, on total and regional basis of the body, compared to normal 

weight populations in order to underpin the construction of obese phantoms.  

4.1.2 Objectives:  

1- To measure body composition, FM and LBM, across a cohort of 

participants with a wide range of BMI. The purpose was to observe how 

the FM and LBM across different body regions changes along with BMI 

and fat percentage group. This was achieved by categorising the 

participants into subcategories based on BMI and fat % to fully visualise 

the trend of FM and LBM across different body parts. 

2- To investigate the relationship between FM and LBM compared to the 

participants’ anthropometrics.  
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3- To produce prediction equations models for FM and LBM on regional 

basis. The total body was also included to aid in standardizing FM and 

LBM quantity in areas of research where researchers modify normal 

weight computerised phantoms into obese phantoms. The abdominal 

and trunk regions were selected as they pose challenges in medical 

imaging as the first study illustrated. The prediction models aimed to 

facilitate the planning of transforming any normal-weight phantom into 

obese representative phantoms. This was accomplished through linear 

and multiple regression analysis.  
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4.2 Body composition:  

Body composition is defined as the amount of lean and fat tissue in the human 

body  (Prado and Heymsfield, 2014). The study of body composition is a well 

discussed topic which has been in existence since 440 BC when Hippocrates 

proposed that our bodies consist of blood, yellow bile, black bile and phlegm 

(Wang et al., 1992). As a result of developments in various science subjects, 

such as anatomy, histology, chemistry etc., body composition understanding 

has impacted positively since that time (Wang et al., 1992). 

As obesity is becoming a global epidemic, the interest in the study of body 

composition is increasing in order to better understand and monitor obesity and 

its comorbidities (Mattsson and Thomas, 2006). 

4.3 The importance of body composition:  

The ICRP recognised the importance of body composition in measuring 

radiation dose. In its publication titled; “Reference Man: Anatomical, 

Physiological and Metabolic Characteristics”, in 1975, emphasis is put on the 

importance of characterising body composition when the ionising radiation 

dosimetry is of focus (ICRP., 1975). If the measured ionising radiation dose was 

from an internal source, a nuclear medicine procedure for instance, more 

biological properties of the exposed individual are needed to estimate the 

radiation dose accurately. This includes daily air and water intake, breathing 

rate, excretion data and other sophisticated anatomical and physiological 

information (ICRP., 1975). However, this is not the case in this project as the 

ionising radiation source is external. The ICRP committee suggested that 

individual body composition, mass and dimensions are sufficient to achieve a 

good estimation of the radiation dose. Hence, the committee produced the 

report number 23 (ICRP., 1975), which contains extensive details for physicist 

to compare their results with the lowest rate of uncertainty (ICRP., 1975). The 

“reference man” as called by the ICRP, was then defined as Caucasian with the 

customs and habitat of a Western European or North American individual. 

However, in this project, the individuals of interest are obese, which means the 

“reference man” reference data cannot be used. 
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In projection radiography, the human body consists of a 3-compartments model 

of tissues (fat, lean and bone) each of which attenuates ionising radiation 

differently. This forms the basis for the process of formulating a radiograph in 

digital and all radiographic imaging. It provides a representation of the spatial 

distribution of the examined area’s tissue components in a form of different 

signal on the image (Martin, 2007a). Additionally, the International Commission 

on Radiation Units and measurements (ICRU) state very clearly that muscle, fat 

and bone should be accounted for when building a phantom used in radiation 

dosimetry studies (White et al., 1989). 

In terms of x-ray attenuation, fat and lean tissue attenuate x-ray photons 

differently especially in the low kVp range and these soft tissues attenuation 

merge as the kVp increases resulting in a reduction in the difference of contrast 

between fat and lean (Bushberg and Boone, 2011). This is due to the different 

density between these two tissues, with fat ranging between 0.91 – 0.95 g/cm3, 

while lean tissue ranges between 1.04-1.05 g/cm3 (ICRU, 1989, Berger, 2005). 

The same weight of fat or lean will also affect the thickness of the body part, as 

x kg of lean tissue will have a smaller volume than the same mass of fat tissue.  

Therefore, it is crucial to take the individual characteristics; mass, dimensions 

and composition, when constructing an obese phantom. Different representative 

physical obese phantoms (Wang et al., 2013, Meinel et al., 2014, Schindera et 

al., 2007, Shin et al., 2016) and computerized phantoms (Ding et al., 2012, 

Cassola et al., 2011, Broggio et al., 2011) have been constructed in an attempt 

to conduct research on dosimetry in patients with obesity. However, these 

studies have paid attention to the thickness, mass and focused on fat mass 

only. 

However, it has been known for long time that the fat mass (FM) and fat free 

mass (FFM) tend to change together (Keys and BroŽek, 1953, Gray and Bauer, 

1991, Forbes, 1987). Increases in FM typically lead to increases in other body 

components that are engaged in the nourishment, support and mobility of the 

increasing body mass (Keys et al., 1955, Pitts, 1962, Mingrone et al., 2001). 

This change includes increases in the mass of the kidneys, pancreas, heart, 

liver (Naeye and Roode, 1970) blood and extracellular fluid (Keyes et al., 1955, 
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Pitts, 1962, Messerli, 1982), but more largely to the skeletal muscle (Janssen 

and Ross, 1999, Rice et al., 1999). This could be attributed to the need for extra 

muscle to support the extra FM in obesity. For these reasons, understanding 

the change in body composition of patients with obesity is a crucial step before 

building a representative phantom. 

4.4 Body composition models: 

In order to fully appreciate the body composition science and to understand the 

underlying philosophy of the body composition assessment methods, one 

should first understand the body composition models (Heyward and Wagner, 

2004). The Constructed body composition model is related to the utilized 

number of components. The first and most basic of all models is the body 

weight, representing the sum of the mass of each of the body components. 

According to Wang and colleagues, body composition can be divided into five 

levels; atomic, molecular, cellular, tissue and whole body, Figure 7, (Wang et 

al., 1992).  
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Figure 7 Body composition level adapted from Wang et al. (1992)  
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4.5 Body composition measurement methods:  

In the literature, three different ways of measuring body composition have been 

reported; direct, indirect and criterion methods (Duren et al., 2008).  

4.5.1 Indirect methods:  

4.5.1.1 Body Mass Index (BMI): 

The BMI is the most widely used measure of obesity, and has been used 

extensively in the literature (Romero-Corral et al., 2008). In obesity, where  BMI 

is ≥ 30 kg/m2, the WHO has classified the obesity into three subcategories; 

Class I 30-34.9 (kg/m2), Class II 35-39.9 (kg/m2) and Class III  ≥ 40 (kg/m2) 

(WHO, 2000). As a body-composition marker, the accuracy of BMI is still a 

questionable tool due to the fact that obesity is defined as an excessive 

accumulation of fat mass that imposes health risks (Vanderwall et al., 2017, 

Wong et al., 2016). Hence ≥25% of fat in men and ≥30% of women is 

considered as obesity (Frankenfield et al., 2001). However, in obesity, fat 

percentage and BMI do not correlate strongly, and BMI missed identifying more 

than 50 % of obese individuals based on the fat percentage (Romero-Corral et 

al., 2008, Okorodudu et al., 2010). Along with the limitation of BMI to identify the 

distribution of fat (Akpinar et al., 2007), the BMI can still be used as a tool for 

screening and tracking obesity, but not to assess body composition (Beechy et 

al., 2012). 

4.5.1.2 Anthropometrics:  

Different anthropometric measures have been used in the literature in attempts 

to simplify body composition including: size; fatness and shape assessment. 

Different measurements and body sites have been used to estimate the body 

composition. This includes height, weight, waist and hip circumferences, 

abdomen sagittal and transverse diameters and waist-hip-ratio (Heymsfield et 

al., 2005). Despite the simplicity and ease of these techniques, they pose 

challenges when it comes to patients with obesity. This is attributed to their 

dependence on the skill of the staff taking the measurements, the difficulty in 

identifying the correct waistline and the interference between hip measurement 

and the abdominal dropped fat (Das, 2005, Andreoli et al., 2016).  
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4.5.1.3 Bioelectrical Impedance analysis (BIA): 

This technique measures the resistance to electrical current passing through 

the body by connecting electrodes to the arms, the legs or one arm and one leg.  

The theory is based on the fact that most of the human body is water, which 

contains ions that can conduct electrical current at different rates (Dehghan and 

Merchant, 2008). There are two sites where the water is localised in the cell, 

either intracellular or extracellular, with the water being considered as a good 

conductor of electricity. Other tissues can act as a resistor, fat cells, due to their 

low concentration of water (Dehghan and Merchant, 2008). Based on these two 

facts, and depending on the type of BIA technique used, i.e single frequency 

BIA, multi-frequency BIA or bioelectrical spectroscopy, different equations can 

be used to predict the total body water (TBW), conductor, and FM as a resistor. 

FFM can then be calculated by subtracting the FM from TBW (Kyle et al., 2004). 

Despite the fact that this technique is non-invasive, inexpensive, less laborious 

and safe for frequent measurements (Shafer et al., 2009, Strain et al., 2008), 

the assumption behind this technique, that the hydration status of FFM is 

constant at 73.2%, is not accurate in case of obese individuals where hydration 

is greater at 77.5% (Das, 2005, Alvarez et al., 2007). This makes the accuracy 

of this technique (BIA) debatable. Fat % has been overestimated in overweight 

and obese groups, while the FM has been underestimated significantly in 

normal weight women (Shafer et al., 2009, Neovius et al., 2006). Other sources 

of errors are arm positioning, fat asymmetry, temperature and bladder status  

(Andreoli et al., 2016).  

4.5.1.4 Skin fold thickness (SFT)  

As the name indicates, this technique for the indirect measurement of body 

composition relies on measuring the subcutaneous fat thickness in specific 

body parts including the bicep, triceps, subscapular and supra-iliac muscles 

(Pietrobelli and Heymsfield, 2002, Heymsfield, 2009).  

However, this technique has limitations such as; observer variability, fat and 

skin elasticity, which varies with age and race for instance, and further, pose 

some discomfort for participants (Kuczmarski et al., 1987). These limitations 

encountered in patients with obesity in addition to the fact that fat thickness in 
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this group of patients makes it hard to raise the required amount of fat to yield 

an accurate measurement (Gray et al., 1990). Additionally, the size of the 

calliper used in this group of patients cause extra errors as well as the variation 

in compressibility of the fat from one area to another (Kuczmarski et al., 1987, 

Chumlea, 2006).  

4.5.2 Direct methods:  

4.5.2.1 Total body water (TBW):  

This technique is based on the assumption that hydration status in FFM is 73%. 

As so, deuterium labelled water (2H2O), for example, is used to measure the 

TBW (De Lorenzo et al., 1999). Based on the dilution space of the isotope, the 

TBW can be converted into kilograms using the water density (0.99336 kg/m3) 

as the conversion factor (De Lorenzo et al., 1999). However, since the hydration 

rate is larger, at 77.3%, in patients with obesity, than the assumption hydration 

rate of 73%, which underpinned the principle of this technique, this results in 

overestimation of FM and underestimation of FFM in obesity (Das, 2005).  

4.5.2.2 Total body potassium (TBP):  

Cells are the most metabolically active portion of the body, with potassium 

considered as the most abundant intracellular ion. Based on these two facts, 

the cell mass can  be quantified using the naturally radioactive potassium (40K) 

through a whole body counter (De Lorenzo et al., 2003). FFM then can be 

calculated using equations based on gender (De Lorenzo et al., 2003). Despite 

the promising accuracy of this technique in monitoring of patients with obesity 

(De Lorenzo et al., 2003),  the hydration status might affect the potassium 

content within the cells in this group of patients (Das, 2005). Additionally, there 

are only a limited number of detectors used in this technique that are available 

worldwide, which limits the availability of this as a feasible method (Duren et al., 

2008). 
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4.5.3 Criterion methods:  

4.5.3.1 Body density:  

Hydrostatic weighing, also known as hydro-densitometry, is one method that 

uses this technique of body composition measurement.  The participant is 

required to submerge completely in a water tank in order to estimate the body 

composition by combining body weight, body volume and the residual lung 

volume (Beechy et al., 2012)., A new technique is able to exclude the head (De 

Lorenzo et al., 2003), making it more acceptable to patients. 

However, this technique is not popular in clinical practice for several reasons; it 

is considered impracticable, time consuming, laborious, highly dependent on 

participants’ performance and their adherence to the preparation instructions 

before and during the procedure, and finally the discomfort it causes to 

participants (Heath et al., 1998, Das, 2005, Chumlea, 2006, Petroni et al., 2003, 

Horie et al., 2008).  

Another technique similar to hydro-densitometry is the air displacement 

plethysmography (ADP). This technique utilizes a unit of two chambers: a 

testing chamber for participants to sit in and a reference chamber to hold the 

breathing circuit, electronics and pressure transducers (Shafer et al., 2009, 

Beechy et al., 2012). Despites its non-invasive nature, the time it requires and 

its validity in patients with obesity is prohibitive (Ginde et al., 2005, Le 

Carvennec et al., 2007). Furthermore the participant must wear tight fitting 

swimming clothes with a cap and this in turn may constrain its application in 

patients with obesity (Beechy et al., 2012). 

4.5.3.2 Dual-energy X-ray absorptiometry (DXA):  

Since the introduction of DXA into clinical use in the 1980s, its main function and 

use was to measure bone mineral density and aid in the detection and 

assessment of osteoporosis (Toombs et al., 2012). However, a second and 

non-negligible application of DXA is the study of body composition which started 

in the late 1980s (Kehayias et al., 1993).  
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Until now, five vendors are producing DXA scanners worldwide; Hologic, Lunar, 

Norland, Stratos and Korean scanner (Chin, 2017). In both applications and 

across all different vendors, the principle of DXA is the photon attenuation as a 

function of tissue composition (Plank, 2005). DXA uses x-ray photon energy at 

two different ranges, low (40 - 60 kV) and high (70-100 kV). When the x-ray 

source generates the x-ray beams, high and low energy beams, the photons will 

attenuate, absorbed by the tissues, differently as passing through the body part, 

based on the density and thickness (Toombs et al., 2012). The absorption can 

then be expressed as a ratio (R) of the attenuation at the lower energy relative 

to the higher energy (Heyward and Wagner, 2004).  

The DXA technique sometimes refers to the three compartment model 

(Heyward and Wagner, 2004), and sometimes the two compartment (Toombs et 

al., 2012). However, rather than producing three independent measures, it 

comprises two sets of 2-compartment model equations (Ginde et al., 2005). The 

first set is bone mineral and soft tissue, including fat and fat free mass. In order 

to calculate these two compartments, the x-ray beam is passed through the 

body part, the beam attenuation decreases with its energy and the density of 

the compartment, bone attenuates more while soft tissues attenuate less 

photons (Pietrobelli et al., 1996).  The R can then be calculated to differentiate 

bone from soft tissue. The second 2-compartment is the fat and fat free mass. 

To differentiate between these two components, the DXA measures R in areas 

that does not contain bone, the attenuation of the two photons energy is related 

to the percentage of fat in soft tissue (Laskey, 1996).   
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4.5.3.3 Magnetic resonance imaging (MRI):  

The MRI is one of the methods used in body composition quantification with the 

benefit of being a non-invasive and safe procedure. It is based on the fact that 

atomic nuclei, which consists of protons and neutrons, can behave like a 

magnet (Lukaski, 1987) but in a very weak way, such as the strength of the 

earth’s magnetic field (Ellis, 2000). However, placing a human body in a strong 

magnetic field, greater than earth’s magnetic field, will result in the 

magnetisation vector of nucleons such as the proton to align with or against that 

magnetic field (Despres, 1996). The Hydrogen protein (1H) specifically is more 

likely to align with the magnetic field (Ellis, 2000). Other atoms, such as Carbon 

(13C), Fluorine (19F), Sodium (23Na) and Potassium (39K), behave in the same 

manner as the Hydrogen protein does under strong magnetic fields, but at a 

significantly lower response rate (Ellis, 2000). Despite the fact that only a small 

percentage of Hydrogen nuclei will align, the abundance of hydrogen protons in 

the human body is enough to detect any changes in the proton magnetisation 

vector orientations when a radio-frequency pulse is applied or the magnetic field 

altered. 

Based on this theory, MRI utilizes a combination of a strong magnetic field of 

1.5 to 3 Tesla (~30,000 – 60,000 times the earth’s magnetic field), and pulses of 

radio waves to produce the required image of the examined body part (Lukaski, 

1987).  The MRI system typically consists of a primary magnetic field, gradient 

coils and radiofrequency coils (RF), all inside a specially designed room with 

walls lined with a copper Faraday cage to eliminate electrical noise and 

interference.  

Inside the human cells, when a strong external magnetic field is introduced, the 

protons will start aligning parallel or antiparallel to the external magnetic field. 

The RF coil functions as a transmitter of the radiofrequency to and from the 

examined tissue. It pushes the protons against their normal alignment axis, 

thus, once the RF pulse turned off, the protons will realign with the magnetic 

field. This will produce a signal which is then sent to a computer processor that 

runs sophisticated mathematical processes in order to produce an image out of 

the received signal. Different tissues will give different signals, which makes it 
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possible to differentiate between the different tissues(Dale et al., 2015). There 

are two types of time needed for the proton to relax completely. This measured 

in T1, which is the time needed for the longitudinal component of the 

magnetisation vector to return to its relaxing state, and T2, which is the time 

needed for a transverse component of the magnetisation vector to return to its 

equilibrium state (Dale et al., 2015).   

Different molecules have different relaxation times; this makes it possible to 

distinguish between tissues based on its molecules contents. For example, 

hydrogen bound to a lipid molecule will relax slowly producing low efficacy in 

T1, while free water will relax quickly in T1 relaxation. This relaxation time is 

closer to the Larmor frequency, which is defined as the number of times proton 

precesses per second. These differences can be distinguished by the “repetition 

time TR” and the “echo time TE”, representing how quickly the RF pulse and 

how quickly listening to the returned signal. These will eventually produce 

different signals from the proton in T1 and T2, i.e. each molecule will look 

different in T1 and T2. This helps to analyse and segment different body 

tissues, of which are the fat and muscle, for instance.  

MRI is used widely in the study of body composition as it has the advantages of 

studying the FM and LBM on a region basis and the ability to visualise the 

distribution of the fat (Prado and Heymsfield, 2014). It has been used in the 

study of body composition in different groups; obesity, sarcopenia, child obesity, 

haemodialysis and human immunodeficiency virus (Neeland et al., 2013, Manini 

et al., 2013, Zoico et al., 2013, Karlsson et al., 2013, Molfino et al., 2013, Shah 

et al., 2012). The MRI overcomes the assumption of hydration status that 

underpins most of the body composition techniques discussed earlier, making it 

more reliable in obesity where the hydration changes. However, still MRI has it 

is own limitations such as difficulty to accommodate morbidly obese patients, 

the cost, time and the expertise needed to conduct the scan and to run the 

segmentation process afterwards (Prado and Heymsfield, 2014). This makes it 

impracticable in a routine clinical setting or in epidemiological studies, and 

hence DXA can be used instead, which has shown a good agreement with MRI 

derived body composition values.    
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4.6 Method: 

4.6.1 Data nature and study population: 

The data used in this study were sourced from four studies conducted 

previously with different primary outcomes. Participants in these studies were all 

female healthy participants and not on any medications which might affect their 

FM and LBM. Two types of data were used in this study: DXA and MRI based 

data.   

This section will cover the main aspects of ethical approval, participant 

recruitment, anthropometric measurements and DXA and MRI protocols used in 

all studies.   

4.6.2 DXA data:  

4.6.2.1 Ethical approval: 

All studies had ethical approvals before commencement. The researcher had to 

sign an agreement with the principle investigator of each study before having 

access to the data in order to comply with the ethical requirement of reusing the 

data for other purposes.  

4.6.2.2 Recruitment: 

Forty five subjects participated in a study conducted by Hopkins and colleagues 

(Hopkins et al., 2016). The recruitment was carried out through leaflet and 

poster distributed around Exeter university campuses and other public gyms 

and health clubs around Exeter. A talk was also given to selected groups, who 

were interested in osteoporosis and leaflets distributed to anyone desiring to 

participate. In this study participants were postmenopausal women as the main 

aim was to compare osteoporosis between healthy and other post fracture and 

post knee replacement groups.  

Forty one subjects participated in a study conducted by (Connolly et al., 2014). 

The recruitment was conducted through an advertisement campaign in the local 

newspaper, local radio station and community venues. All participants in this 

study were premenopausal women.  
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One hundred and two participants were recruited from the general public 

through posters and advertisements into a study conducted by (Knapp et al., 

2012).  

The remaining eighty subjects participated were recruited using the same 

method used in Connolly and colleagues study as described earlier (Bowtell et 

al., 2016, Connolly et al., 2014).  

4.6.2.3 Measurements:  

Table 15 summarises the number of participants in each study and the tools 

used to measure height and weight for participants. In all studies, this was 

accomplished before conducting the DXA scan. The height was measured to 

the nearest 0.01m, and the mass to the nearest 0.1kg. All tools had quality 

control check before use as indicated in studies listed in table 15.   

Table 15 Summery of data resources and measurement tools 

Study Number  Measurement tool 

Height Mass 
(Hopkins et al., 
2016) 

45  Seca stadiometer SEC-
225; Seca, Hamburg, 
Germany 

(Seca 877, Germany) 

(Connolly et al., 
2014) 

41  Seca stadiometer SEC-
225; Seca, Hamburg, 
Germany 

(Seca 877, Germany) 

(Knapp et al., 
2012) 

102 
 

Stadiometer (Holtain, 
Crymych, Dyfed, UK) 

Beam balance scale (Avery, 
Birmingham, UK) 

(Connolly et al., 
2014), (Bowtell 
et al., 2016) 

80  Seca stadiometer SEC-
225; Seca, Hamburg, 
Germany 

(Seca 877, Germany) 
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All participants were scanned in a GE Lunar Prodigy DXA scanner (GE 

Healthcare, Bedford, UK). This scanner utilizes the narrow angle fan beam 

technology and accommodates individuals up to 159 kg. The scan mode used, 

standard or thick, was selected automatically by the scanner software 

depending on the patient size. The GE Lunar Encore 2005 software, version 

9.30.044 (GE Healthcare, Little Chalfont, UK) was used for scan analysis. 

Figure 8 illustrates the body regions assessed for FM and LBM. The trunk 

region includes the neck, chest, abdominal and pelvic regions. It is defined 

between the inferior edge of the chin and the lower borders intersect the 

femoral necks in the middle without touching the pelvic rim (Stults-Kolehmainen 

et al., 2013). The android region is defined as the region from the pelvic cut 

(lower boundary) to above the pelvic cut by 20% of the distance between neck 

cut line (upper boundary) and the pelvic cut line (Kang et al., 2011). The gynoid 

region defined as 1.5 x android height below the pelvic cut, and comprises 

double the android area (Kang et al., 2011). The total, trunk, android and gynoid 

regions were auto-demarcated by the computer, for the abdominal regional, the 

region of interest (ROI) was drawn manually between the pubic symphysis and 

two centimetre above the xiphoid process. Figure 8 demonstrates these regions 

as demarcated on the DXA image. The regions demarcated by the computer 

were checked manually by the researcher and manual adjustments made 

where needed. The total, trunk, gynoid and android region were exported 

directly from the DXA scanner into an Excel sheet ready for analysis. The 

abdominal region data, demarcated manually, was entered manually into the 

Excel sheet by the researcher. 
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Figure 8 DXA scan showing body subdivision regions considered for FM and 

LBM measurement 
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4.6.2.4 Statistical analysis: 

All data analysis was performed using STATA software (STATA 12). The data 

was stored in an excel spreadsheet ready to import into STATA . Data from the 

Knapp et al, study (Knapp et al., 2012) contained two DXA for each participant 

with ten minutes gap between the two scans. The average values of body 

composition of the two scans was calculated and used in the analysis. The first 

visit scan data from Hopkins and colleague’s study (Hopkins et al., 2016) were 

used as the gap between each scan was more than six months, therefore it was 

inappropriate to take the average value. Data were screened for any unusual 

values in anthropometrics, FM and LBM values. This was achieved through 

generating a detailed summary of each variable to visualise the highest and 

lowest values.    

The normality of the data distribution was checked using histograms. However, 

the normality assumption should not cause major issues when the sample size 

is above 30 or 40, and can be ignored when the sample consists of hundreds of 

subjects, as in this study (Altman, 1991, Ghasemi et al., 2012).  

Descriptive statistics, including mean and standard deviations, were calculated 

for all anthropometric and outcomes measurement including: participant’s age 

(year), weight (kg), height (m), BMI (kg/m2), fat percentage (%) and body 

composition, FM and LBM (kg), in total and regional basis.  

Participants were grouped based on BMI into; normal (18.3 – 24.99 kg/m2), 

overweight (25 – 29.99 kg/m2) and obese (≥ 30 kg/m2) to demonstrate the 

difference in body composition between the different BMI groups. Descriptive 

statistics for each group were determined. To illustrate the limitation of BMI in 

differentiating between FM and LBM, the two variables were plotted against 

each other to demonstrate BMI limitation. And to investigate the relationship 

between LBM and FM, correlations between FM and LBM across different body 

regions were conducted and one-way ANOVA was used to test any significant 

difference in age between each fat percentage groups. 

In order to investigate the association between FM, LBM and the 

anthropometrics, a Pearson correlation was used as the data are continuous 
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and normally distributed. For the FM, the correlations were conducted with age 

and BMI. The reasons for choosing these two variables are: 

- There is a curvilinear correlation between age and FM (Mott et al., 1999). 

The peak of the FM was found in middle age (50-60 years) but then 

decreases. For this reason, it was essential to investigate if this relation 

is a factor in the FM or not. 

-  The use of BMI attributed to the simplicity of its calculation and the fact 

that two variables are already incorporated in its value. 

The correlation was conducted across the whole cohort and BMI subdivision 

groups. The reason is to establish the best correlation in order produce the 

regression model.  

For the LBM, the correlations were conducted with age, height and FM.  

Linear regression and multiple regression equations were used to predict FM 

and LBM in different regions. To predict the FM, FM was used as the dependant 

variable, and the BMI as independent variable. For the LBM, the LBM was used 

as the dependent variable, while the FM and height were used as independent 

variables.  

Scatter plots were used to demonstrate the shape of relationship between the 

dependant dependent and independent variables. The probability plot as well as 

the Shapiro-Wilk test was used to test the distribution of the residual for each 

model.  

Both multiple regressions were conducted for the whole cohort and for the BMI 

subdivision groups to produce the best equation. Three levels of significance 

reported as * if p<0.05 , ** if p<0.01, *** if p<0.001 across all tests. 
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4.6.3 MRI data: 

4.6.3.1 Participant:  

A subset of 49 healthy females who participated in one of the DXA studies, 

(Hopkins et al., 2016), underwent an abdominal MRI scan. The subset data 

analysed in this section were used to test the agreement between DXA and 

MRI, as MRI is considered being the gold standard (Yip et al., 2015, Denton 

and Karpe, 2016).  

4.6.3.2 Scan protocol:  

The region of interest was the abdomen, the image acquisition was performed 

on a 1.5 Tesla superconducting MR scanner (GyroScan Intera; Philips, The 

Netherland) using a spoiled T1- weighted gradient-echo sequence with 

repetition time (TR) = 201 ms and echo time (TE) = 1.96 ms. Axial slices were 

acquired in two phases, pelvic and lower abdomen in one phase, and upper 

abdomen in the second phase due to the limitations of the coil size.  

4.6.3.3 Image segmentation: 

The segmentation of subcutaneous fat (SF) and visceral fat (VF) was performed 

manually by the researcher. A single slice, at the L4-L5 level, from each 

participant was used for segmentation. Different studies have reported the 

strong correlation between one slice FM at L4-L5 level and the total abdominal 

FM (Shen et al., 2016, Schaudinn et al., 2015, Hu et al., 2016). 

For each image, three regions of interest (ROIs) were drawn manually in 

different locations in SF and VF regions, Figure 9. The minimum and maximum 

pixel intensity values for each fat region, i.e SF or VF, were averaged and used 

in the automatic ROI dialog box to segment the fat in the image. As the intensity 

of both SF and VF were similar, the automatic ROI drawer covers both regions. 

The researcher had to amend the segmented areas in two steps: 

- The SF first separated from the visceral fat and the final total pixel areas 

were recorded. 
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- The segmented VF was then amended to exclude lean tissue and 

residual faeces in the intestine which had similar pixel intensity to the VF. 

In areas where there was a dilemma of whether the pixel intensity was 

representing VF or faeces, the researcher in this case would scroll up 

and down to adjacent images to track the texture and identify the nature 

of the pixels. In occasions where decision was hard to take, help was 

sought from the MRI operator, John Fulford, who has more than 20 years 

of experience in MRI segmentation. 
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Figure 9 MRI region of interests (ROIs) across subcutaneous and visceral fat 

 

1, 2 and 3 ROI: subcutaneous fat 
4, 5 and 6 ROI: Visceral fat 
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Figure 10 Segmented subcutaneous fat (SF) and visceral fat (VF) of one slice 

across L4-L5 level 

 

 

4.6.3.4 Statistical analysis:  

All data, total pixel areas (TPA) of VF and SF were entered into the excel sheet 

in preparation for analysis. The data were checked for any abnormal values 

using box plot to visualise outliers and investigate them before the analysis.  

The data were checked for normality, TPA of FM in one slide, L4-L5, and the 

android FM measured by DXA. Since the data was not normally distributed, the 

Spearman correlation was used to test the strength of the relationship between 

these two values.  
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4.7 DXA results: 

4.7.1 Objective one: 

Table 16 Descriptive characteristics of the participants anthropometry and body 

composition values 

Characteristics  Mean ± SD Range 

Min         Max 

Age (Years) 44.4 ± 15.2 18 85 

Height (cm) 1.65 ± 0.06 1.46 1.84 

Weight (kg) 70.95 ± 14.83 42.5 130 

BMI (kg/m2) 25.98 ± 5.07 18.35 45.93 

Total fat mass (kg) 26.52 ± 11.07 4.86 67.61 

Trunk fat mass (kg) 13.81 ± 6.72 1.68 38.99 

Abdominal fat mass (kg) 10.64 ± 5.08 1.12 27.58 

Android fat mass (kg) 2.33 ± 1.29 0.16 6.72 

Gynoid fat mass (kg) 5.15 ± 1.77 1.66 13.29 

Total Lean mass (kg) 40.60 ± 5.03 28.63 59.90 

Trunk lean mass (kg) 20.06 ± 2.88 13.19 31.51 

Abdominal lean mass (kg) 14.17 ± 2.02 9.20 22.42 

Android lean mass (kg) 2.84 ± 0.47 1.73 4.70 

Gynoid lean mass (kg) 5.96 ± 0.85 4.21 8.77 

SD = Standard deviation 
Min = minimum value 
Max = maximum value
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Table 17 Descriptive characteristics of participant body composition (Mean & SD) based on BMI & fat % groups. 

 

Group BMI Groups Fat % Groups 

Normal          Overweight    Obese <30%                     30-39.9%      40-44.9%             >=45% 

Number 126                86                      52 61                   106              53                    44 
Age(years) 41.9 ± 16.34 47.19 ± 14.4 46.11 ± 12.67 37.37 ± 16.10 46.38 ± 14.57 47.35 ± 14.50 46.29 ±13.62 

Height (cm) 1.65 ± 0.05 1.64 ± 0.06 1.64 ± 0.06 1.65 ± 0.05 1.64 ± 0.06 1.66 ± 0.06 1.64 ± 0.06 

Weight (kg) 60.36 ± 6.54 73.40 ± 6.69 92.57 ± 13.86 57.18± 5.51 67.02 ± 7.34 77.76 ± 11.56 91.32 ± 14.88 

BMI (kg/m2) 22.02 ± 1.79 26.93 ± 1.30 34.00 ± 3.99 20.90 ± 1.61 24.61 ± 2.18 28.11 ± 3.16 33.73 ± 4.65 

Total fat (kg) 18.15 ± 5.44 29.02 ± 4.84 42.67 ± 8.40 13.67 ± 3.5 23.75 ± 3.57 32.63 ± 5.39 43.65 ± 8.13 

Android fat (kg) 1.42 ± 0.67 2.55 ± 0.61 4.20 ± 1.08 0.97 ± 0.61 2.00 ± 0.48 2.93 ± 0.70 4.31 ± 1.08 

Abdominal fat (kg) 6.79 ± 2.53 11.75 ± 2.26 18.11 ± 3.65 4.77 ± 1.65 9.46 ± 1.87 13.32 ± 2.84 18.39 ± 3.60 

Gynoid fat (kg) 3.98 ± 0.98 5.47 ± 1.00 7.45 ± 1.79 3.36 ± 0.77 4.73 ± 0.78 5.93 ± 1.08 7.71 ± 1.73 

Trunk fat (kg) 8.78 ± 3.17 15.15 ± 3.11 23.80 ± 4.99 6.19 ± 1.89 12.11 ± 2.53 17.38 ± 3.51 24.18 ± 5.07 

Total lean (kg) 38.75 ± 4.01 40.52 ± 3.57 45.19 ± 6.34 39.98 ± 4.07 39.55 ± 3.85 41.10 ± 5.94 43.35 ± 6.44 

Trunk lean (kg) 18.96 ± 2.04 19.93 ± 1.95 22.92 ± 3.86 19.51 ± 2.01 19.47 ± 2.06 20.17 ± 3.15 22.09 ± 4.16 

Abdominal lean (kg) 13.61 ± 1.55 13.93 ± 1.50 15.91 ± 2.73 14.12 ± 1.38 13.70 ± 1.57 14.31 ± 2.42 15.18 ± 2.77 

Android lean (kg) 2.61 ± 0.30 2.84 ± 0.33 3.38 ± 0.56 2.66 ± 0.28 2.72 ± 0.35 2.92 ± 0.52 3.27 ± 0.59 

Gynoid lean (kg) 5.64 ± 0.72 5.94 ± 0.61 6.78 ± 0.93 5.79 ± 0.76 5.77 ± 0.69 6.04 ± 0.94 6.57 ± 0.92 

Fat % 30.1 ± 6.99 39.99 ± 4.08 46.80 ± 3.83 24.31 ± 4.95 35.93 ± 2.52 42.54 ± 1.60 48.44 ± 2.63 
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Table 16 shows the descriptive characteristics of participants and the FM and 

LBM in different regions. The cohort contained a wide range of participants’ age 

(18 – 85 year), BMI (18.5 – 45.6 kg/m2) and mean height (1.65 m) that is similar 

to the mean height of women (Social and Neave, 2017). The total FM ranged 

between 4.8 and 67.6 kg with a mean of 26.5 kg. Similarly, the total LBM 

ranged between 28.6 and 59.9 kg with an average of 40.6 kg.  

Table 17 illustrates the participants’ anthropometrics, FM and LBM across 

different regions based on BMI and fat percentage subdivision groups. The 

increase in FM and LBM across different regions is clear across the subdivision 

fat percentage groups as well as BMI subgroups. With regards to LBM, the 

increase across all regions is very clear on fat percentage subdivision groups. 
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4.7.2 Objective two: 

Table 18 Pearson correlation between LBM and FM across different body parts based on BMI and fat% subdivision groups. 

n: Number of participants 
 

Since BMI is based on height and weight only, it is limited in distinguishing between fat and lean masses (Wells and Fewtrell, 

2006). Therefore, participants were grouped depending on their fat percentage into four groups, Table 18. This is to demonstrate 

that the increase in LBM is a result of FM increase in the cohort and to eliminate the misrepresentation FM by the BMI. In this 

approach, subjects in a high fat percentage group are not necessarily in a high BMI group and vice versa.  

Body regions  BMI groups  Fat % groups 

Normal 

(n=126) 

Overweight 

(n=86) 

Obese  

(n=52) 

<30% 

(n=61) 

30-39.9% 

(n=106) 

40-44.9% 

(n=53) 

≥45%  

(n=44) 

Total body -0.14 0.18 0.61*** -0.01 0.68*** 0.91*** 0.80*** 

Trunk  -0.11 0.20 0.72*** -0.03 0.61*** 0.85*** 0.84*** 

Abdominal  -0.12 0.24* 0.63*** -0.11 0.56*** 0.84*** 0.81*** 
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Table 19 One-Way Analysis of Variance (ANOVA) of age by fat percentage  

 Sum of Squares 
(SS) 

df Mean square  F Sig 

Between 
groups 

4047.122 3 1349.040 6.18 0.0005 

Within groups 56776.817 260 218.372   
Total 60823.817 263 231.372   
 

A Tukey post-hoc test revealed the age was statistically significant lower in the 

first group (fat% < 30) compared to the second group (fat% = 30-39.9%) (∆=9.0 

± 2.37 SE years, P= 0.001), and (∆=9.9 ± 2.77 SE years, P= 0.002) compared 

to the third group (fat % = 40-44.9%) and (∆=8.91 ± 2.92 years, P= 0.013) 

compared to the fourth group (fat% = ≥45%). However, there were no 

statistically significant differences between the second group (fat% = 30-39.9%) 

and the third group (fat% = 40-49.9%) (∆=0.97 ± 2.48 SE years, P=0.98), the 

second group and the fourth group (∆=-0.09 ± 2.65 SE years, P= 1.0), the third 

group and the fifth group (∆=-1.06 ± 3.01 SE years, P= 0.98). This indicates that 

the strong correlation between LBM and FM, Table 18, is not affected by age. 
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Figure 11 Cross scatter plot of fat % against BMI 

 

 

As can be seen in Figure 11, there are patients who are obese based on fat % 

(>30 %) and yet they are grouped as overweight and even normal weight based 

on BMI classification.    
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Table 20 Pearson correlation between FM and anthropometrics across different body parts and based on total cohort and BMI 

subdivision groups  

 

Table 20 demonstrated, weight and BMI had strong correlations with FM in all subdivision groups. The highest correlation observed 

for the whole cohort, i.e no subdivision. The height also had a strong correlation with FM across the whole cohort and subdivision 

groups.    

 Normal  Overweight obese Non-normal (BMI>=25) Whole group 

trunk abdomen  total trunk abdomen total trunk abdomen total trunk abdomen total trunk abdomen total 

age 0.25** 0.26** 0.21* 0.07 0.12 -0.06 -0.16 -0.22 -0.32* -0.04 -0.05 -0.15 0.15* 0.16** 0.10 

Height 0.18* 0.21* 0.22* 0.39*** 0.44*** 0.52*** 0.36** 0.39** 0.45*** 0.24** 0.26** 0.31*** 0.12 0.13* 0.16** 

Weight 0.71*** 0.73*** 0.74*** 0.65*** 0.72*** 0.77*** 0.85*** 0.87*** 0.92*** 0.89*** 0.90*** 0.93*** 0.92*** 0.93*** 0.94*** 

BMI 0.77** 0.78*** 0.77*** 0.59*** 0.64*** 0.60*** 0.84*** 0.85*** 0.87*** 0.89*** 0.90*** 0.90*** 0.93*** 0.93*** 0.94*** 

 
Normal  Overweight obese Non-normal (BMI>=25) Whole group 

trunk abdomen  total trunk abdomen total trunk abdomen total trunk abdomen total trunk abdomen total 

age 0.25** 0.26** 0.21* 0.07 0.12 -0.06 -0.16 -0.22 -0.32* -0.04 -0.05 -0.15 0.15* 0.16** 0.10 

Height 0.18* 0.21* 0.22* 0.39*** 0.44*** 0.52*** 0.36** 0.39** 0.45*** 0.24** 0.26** 0.31*** 0.12 0.13* 0.16** 

Weight 0.71*** 0.73*** 0.74*** 0.65*** 0.72*** 0.77*** 0.85*** 0.87*** 0.92*** 0.89*** 0.90*** 0.93*** 0.92*** 0.93*** 0.94*** 

BMI 0.77** 0.78*** 0.77*** 0.59*** 0.64*** 0.60*** 0.84*** 0.85*** 0.87*** 0.89*** 0.90*** 0.90*** 0.93*** 0.93*** 0.94*** 
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 Table 21 Pearson correlation between LBM and age, height and FM across different body regions and based on the cohort and 
BMI subdivision groups  

 

Table 21 illustrates the strong correlation between FM and LBM and height especially in obese and overweight subdivision groups. 

Age had weak correlation with LBM across total, abdominal and trunk regions. Apart from that, there is no significant correlation 

between age and LBM. It can be concluded that the relationship between LBM, height and FM is when BMI restricted to 30 kg/m2 

or above. This can be seen clearly in Figure 12. 

 

 Normal  Overweight obese Non-normal (BMI>=25) Whole group 

trunk abdomen  total trunk abdomen total trunk abdomen total trunk abdomen total trunk abdomen total 

age -0.04 -0.00 -0.13 0.24* 0.25* 0.03 -0.13 -0.14 -0.26 0.02 0.03 -0.10 0.05 0.05 -0.05 

Height 0.59*** 0.59*** 0.65*** 0.54*** 0.50*** 0.72*** 0.54*** 0.51*** 0.68*** 0.45*** 0.43*** 0.61*** 0.44*** 0.46*** 0.56*** 

Fat 
(regional) 

-0.11 -0.12 -0.14 0.20 0.24* 0.18 0.72*** 0.63*** 0.61*** 0.66*** 0.61*** 0.60*** 0.56*** 0.46*** 0.50*** 
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Figure 12 Two-way scatter plot of total FM and LBM across BMI 

 

 

Figure 12 exhibits the changes in total FM and LBM along with BMI. As 

observed, the FM increases linearly with the BMI while the LBM show increase 

with BMI only after BMI of 30 kg/m2. This indicates that LBM increase can be 

ignored if in the non-obese group. 
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4.7.3 Objective three 

Table 22 Summary of regression analysis for BMI (kg/m2) predicting FM (kg) of 

different regions in the whole cohort 

 β = regression coefficient 
 β SE= Standard error 
 T = t-test 
 

Three prediction equations can be produced from Table 22 in order to predict 

FM in different regions based on BMI.  

First equation (Equation 5) to predict total FM: 

��� = (−26.836 + (2.055 ∗ )�*)) Equation 5 

Where FMT  is the total fat mass (kg) 
BMI is the body mass index (kg/m2) 

 

Second equation (Equation 6) can be used to predict trunk FM: 

���/0 = (−18.469 + (1.242 ∗ )�*)) Equation 6 

Where FMTru  is the trunk fat mass (kg) 
BMI is the body mass index (kg/m2) 
 

Third equation (Equation 7) is to predict abdominal FM: 

��567 = (−13.823 + (0.941 ∗ )�*)) Equation 7 

Where FMAbd  is the abdominal fat mass (kg) 
BMI is the body mass index (kg/m2) 

 Model 1 (Total FM) Model 2 (Trunk FM) Model 3 (Abdominal 
FM) 

β β SE t β β  
SE 

t β β  
SE 

t 

BMI 
(kg/m2) 

2.05 
*** 

0.045 44.87 1.242 
*** 

0.028 43.37 0.94 
*** 

0.021 44.44 

Constant  -26.83 
*** 

1.211 -22.15 -18.46 
*** 

0.75 -
24.35 

-13.82 
*** 

0.560 -24.64 

R2 0.884 0.877 0.882 
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Figure 13 Two way scatter plot shows the linear relationship between total (A), 

abdominal (B), trunk (C) FM and BMI  
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Figure 14 Post estimation test and Sharipo-Wilk to investigate the residual 

normal distribution 
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Table 23 Summary of regression analysis for height (m) and total FM (kg) 

predicting total LBM (kg) 

β = regression coefficient 
β SE= Standard error 
T = t-test 
 

Based on regression models in Table 23, it is clear that total LBM is best 

predicted when BMI restricted to 30 kg/m2 or above. Hence, total LBM can be 

predicted using the following equation:  

 

Where LBMT is the total lean body mass (kg) 

FMT is the total fat mass (kg) 

Hm is the height (m) 
  

 Model 1 (whole 
cohort) 

Model 2 (if BMI ≥ 25 
kg/m2) 

Model 3 (if BMI ≥ 30 
kg/m2) 

β β  
SE 

t β β  
SE 

t β β  SE t 

Total FM 
(kg) 

0.191 
*** 

0.020 9.45 0.260 
*** 

0.034 7.50 0.290 
*** 

0.077 3.77 

Height (m) 40.814 
*** 

3.633 11.23 38.358 
*** 

4.963 7.70 49.145 
*** 

9.744 5.04 

Constant  -31.88 
*** 

5.94 -5.37 -29.86 
*** 

7.89 - 
3.78 

-48.17 
** 

14.871 -3.24 

R2 0.495 0.558 0.593 

;)�� = (−48.176 + (0.290 ∗ ���) + (49.145 ∗ �=)) Equation 8 
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Table 24 Regression analysis for height (m) and FM (kg), of different regions, 

predicting abdominal LBM (kg) in obese group. 

 
 β = regression coefficient 
 β SE= Standard error 
 T = t-test 
 

Based on regression result in Table 24, the best regression model to predict 

abdominal LBM is based on regional FM and height (Model 2). Hence, the 

following equation can be used to predict abdominal LBM. 

 

Where LBMAbd is the abdominal lean body mass (kg) 

FMAbd is the abdominal fat mass (kg) 

Hm is the height (m) 

 
  

 Model 1 Model 2 Model 3  

β β  
SE 

t β β  
SE 

t β β  
SE 

t 

Height (m) 12.462 
* 

4.873 2.56 13.290 
** 

4.587 2.90 14.298 
** 

4.626 3.09 

Total FM (kg) 0.157 
*** 

0.038 4.06       

Abdominal FM 
(kg) 

   0.378 
*** 

0.083 4.53    

Trunk FM (kg)       0.259 
*** 

0.061 4.21 

Constant  -
11.305 

7.438 -
1.52 

-
12.819 

7.11 -
1.80 

-
13.826 

7.22 -
1.91 

R2 0.454 0.485 0.464 

;)�567 = (−12.819 + (0.378 ∗ ��567) + (13.290 ∗ �=)) Equation 9 
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 Table 25 Regression analysis for height (m) and FM (kg), of different regions, 

predicting trunk LBM (kg) in obese group. 

β = regression coefficient 
β SE= Standard error 
T = t-test 
 

As observed in Table 25, trunk LBM is best predicted by trunk FM and height 
(r2=0.61). The prediction equation that can be used to predict trunk LBM is: 

 

Where LBMTru is the trunk lean body mass (kg) 

FMTru is the trunk fat mass (kg) 

Hm is the height (m) 

 

  

 Model 1 Model 2 Model 3  

β β  
SE 

t β β  
SE 

t β β  
SE 

t 

Height (m) 16.971 
* 

6.367 2.67 18.686 
** 

6.007 3.11 18.525 
** 

5.557 3.33 

Total FM (kg) 0.253 
*** 

0.050 5.03       

Abdominal FM 
(kg) 

   0.592 
*** 

0.109 5.42    

Trunk FM (kg)       0.471 
*** 

0.074 6.37 

Constant  -
15.848 

9.718 -
1.63 

-
18.598 

9.310 -
2.00 

-
18.821 
* 

8.676 -
2.17 

R2 0.533 0.557 0.613 

;)��/0 = (−18.821 + (0.471 ∗ ���/0) + (18.525 ∗ �=)) 
Equation 10 
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Figure 15 Two ways scatter plot shows the linear relationship between total (A), 

abdominal (B), trunk (C) LBM and FM in the same region 
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Figure 16 Post estimation test and Shapiro-Wilk to investigate the residual 

normal distribution 
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Figure 17 Scatter plot of total pixel area segmented fat in MRI and android FM 

measured by DXA 

 

Spearman correlation between total pixel area (TPA) of fat segmented using 

MRI images and the android FM shows a strong spearman correlation, r2= 0.88, 

P=0.000. This is illustrated in Figure 17. This indicates the validity of DXA 

measured FM compared to the gold standard, MRI.   
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4.8 Discussion: 

The objectives of the current study were to quantify FM and LBM, at the total 

and regional level, of participants with different BMI based on measurements 

from DXA scans. It also aimed to investigate the best predictors of FM and LBM 

across different body parts and produce prediction models that can be used to 

transform normal weight adult commercially available phantoms into obese 

phantoms. 

These results are in line with those of previous studies, which have reported an 

increase in total lean mass along with the total fat mass in obese populations 

using the same cross-sectional approach but a different measurement 

instrument (Forbes, 1987, Gray and Bauer, 1991, Broyles et al., 2011).  

In the current study, the sample size was bigger than that which has been 

reported in previous studies, 264 compared to 164 and 104, respectively 

(Forbes, 1987, Gray and Bauer, 1991). It also considered healthy patients only, 

as certain diseases and endocrine malfunction could alter the fat and /or lean 

mass (Leenders et al., 2013, Bhasin et al., 1997, Lamberts et al., 1997).  

The current study eliminated the number of underweight participants; two only, 

while in Forbes’s study there were twelve with anorexia nervosa, and in Broyles 

and colleagues study there were a small number of underweight participants, 

but no exact number revealed (Broyles et al., 2011). The method used in 

Forbes’s study, based on potassium (40K counting), assumes the potassium 

content of FFM is constant; this might be true for normal weight individuals, but 

in the obese, the hydration status is different (Das, 2005) and hence the DXA 

scan is superior to 40K, and less affected by the hydration status (Frisard et al., 

2005). In Gray and Bauer’s study (1991), two methods of body composition 

measurement; underwater weighing and body-water determination, were used 

which give their result great value when the procedure is conducted in optimal 

conditions. However, despite the high accuracy of the underwater weighing 

method, it is still conditional on participant performance (Duren et al., 2008). It is 

specifically challenging with obese children as submerging completely under 

water is needed,(Duren et al., 2008).In the Gray and Bauer study, the mean 

BMI in male and female was 31.9 and 34.7 respectively, which indicates they 
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had obese subjects in their sample but did not explain how they overcame the 

challenge of submerging in the water tank. In terms of total body water method, 

it is considered to be of high accuracy when careful attention is paid to patient 

preparation especially when used in conjunction with other measures (Schoeller 

and Buchholz, 2005). This jeopardises the accuracy of the Gary and Bauer 

study since some of their subjects had had a light breakfast prior to the 

procedure in the late afternoon. Since the Gray and Bauer samples did not 

include malnourished subjects, they concluded that the link between FM and 

LBM was linear and they attributed the curvilinear result of Forbes to the 

inclusion of twelve subjects with anorexia nervosa. Forbes’s result was 

extended to male participants and revised by Broyles and colleagues (Broyles 

et al., 2011).  Despite the large sample, around five thousand, they were 

restricted in age to between 18-60 years. The main objective of Broyles and 

colleagues’ study was to examine the consistency of Forbes model across 

different ethnic and gender population. For this reason, the researchers have 

adjusted the BMI in their sample with BMI ranges in Forbes study. As a result of 

such adjustment, the slope of the relationship between FM-LBM in both studies 

did not vary, 9.2 and 10.4.     

Despite the fact the ANOVA results seen in Table 19, show significant 

differences (p<0.001) in age between the first fat percentage groups (fat%,30) 

and the remaining groups. This could indicate that the increase in LBM is age 

related but not FM as these two factors affect the LBM proportionally. However, 

the difference was only between the first fat percentage group and the 

remaining groups only. While there is no significant difference between the 

remaining fat percentage groups, the trend of correlations between LBM and 

FM is positive, this indicates a strong relationship between LBM and FM. 

Additionally, the correlations between age and LBM across different regions and 

BMI groups, Table 21, show very low correlations in trunk and abdomen in the 

overweight BMI group, and mostly no correlation across other subdivision 

groups. This emphasis on the LBM increase in this cohort is most likely 

attributed to the FM.  

The positive changes in LBM along with FM could be explained by the fact that 

extra muscle is needed to carry the excess fat mass (Kyle et al., 2001). Also, 
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the mass of the kidney, pancreas, heart and liver could also contribute to the 

result (Naeye and Roode, 1970). This is due to the fact that obesity is not just 

an increase of the number of fat cells but also the size of the fat cell (Spalding 

et al., 2008). However, the increase in LM is believed to be related mainly to the 

skeletal muscle (Rice et al., 1999, Janssen and Ross, 1999).  

Although the results show a trend for LM to increase with increasing BMI, the 

relationship based on fat percentage groups was typically greater than the 

relation based on BMI. This is due to the limitation of BMI in differentiating 

between FM and LBM. As shown in Figure 11, there are participants placed in 

the group of normal and overweight groups, while they are obese based on the 

fat percentage, which is 30% in women.  It means, there are participants in high 

BMI group who have less FM and more LBM, and the opposite is true. In 

theory, the fat percentage is more accurate in predicting lean mass, but in 

clinical practice, BMI is the only reasonable measure available to the 

radiographer when patients present to the medical imaging department for an 

imaging procedure. It is not possible to scan every patient using a DXA scanner 

to find out the fat percentage and based on that the lean mass is calculated to 

determine the right exposure factors on an individual basis. Although other 

technique can be implemented, such as bioelectrical impedance to calculate the 

fat percentage in practice this is far beyond the capability and practicability of 

the medical imaging department.  

These results can be taken into account when imaging obese patients as lean 

and fat tissues attenuate x-ray photons differently. They should also be 

considered when building a physical or voxel phantom for the purpose of 

dosimetry or image quality assessment. A number of voxel phantoms, (Cassola 

et al., 2011, Broggio et al., 2011, Ding et al., 2012), were built to mimic obese 

patients, but none has considered the increase of lean mass with fat mass. 

Despite the fact that building a voxel phantom is very complicated, such 

changes can be adapted when changing phantom size.  

4.8.1 Limitations:  

The study has several limitations, most noticeably is the single participant 

gender. This means the relationship between FM and LBM could be different in 
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males as the fat and lean mass are different to females (Gallagher et al., 2000). 

Also, since the DXA scans were conducted while the participants were lying 

down, this means that the models of abdominal fat can be applied to phantoms 

built for the purpose of dose optimisation in the supine position only. This is due 

to the dropped fat in the erect position that might alter the amount of fat. It is 

also limited by the absence of various ethnicity groups, as the dominant 

ethnicity of participants is Caucasian. 

4.9 Conclusion: 

The current study demonstrates the body composition changes in obese 

populations. It shows an agreement with previous studies in demonstrating the 

increase in FM along with LBM. 

The current study concluded that there was an increase in LBM along with FM. 

The link between the two tissues is higher when accounting for the fat 

percentage rather than for the BMI. It produces different FM and LBM prediction 

models that can be used by researcher when modifying normal-weight atom 

phantoms into obese ones. This can be used in both physical and 

computational phantoms construction. Models predicting the FM and LBM in 

abdominal region will be used in the next study in order to build different 

phantoms with different BMI values for dose optimisation purposes.  

The result of this study will help to improve the construction of obese phantoms, 

both physical and computerised phantoms, by using the different prediction 

models to build a representative phantom.   
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5 Chapter 5: Phantom construction  

5.1 Introduction: 

Based on the conclusion of the previous chapter (Chapter 4), it is clear that the 

fat is not the only body component that increases along with the BMI, the lean 

tissue increases as well. Hence, the current chapter will consider construction of 

obese phantoms that consider body composition changes as described in the 

previous chapter. 

The reader will be introduced to the topic of the phantom, with brief 

classification and basic principles of different phantom categories. Examples of 

previous studies that have incorporated obese phantom models will also be 

discussed. 

5.1.1 Overall aim 

To construct obese phantoms for dose optimisation purposes 

5.1.2 Objectives 

• To fabricate and validate fat and lean tissue-equivalent substitutes that 

can be used to build reusable obese phantoms 

• To construct obese phantoms that account for fat and lean changes in 

order to mimic different body size 

5.2 Background to phantoms 

This chapter will outline the development of a phantom to mimic obesity using 

stable and pliable materials which provide an analogue of fat and lean tissue.  

In the medical dictionary, a phantom can be defined as a  model that represents 

a body or body part for the purpose of simulating the in vivo effects of radiation 

on tissue (Miller-Keane, 2003b). The ICRU has considered any volume of tissue 

substitutes as a phantom when used to simulate radiation interactions (White et 

al., 1989). Phantoms have been used in medical physics since scientists 

realized the harmful nature of ionising radiation.   

The topic of phantoms is very broad and has been the interest of medical 

physicists, biologists and researchers since the early days of ionising radiation 

discovery. Hence, covering the full phantom topic is beyond the scope of this 
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chapter but rather, the reader will be introduced to the topic with some most 

common examples of types of phantoms and their uses in radiology.  

In the next section, types of phantoms used in medical imaging will be 

discussed briefly with regards to diagnostic radiography and projection 

radiography in particular. 

5.2.1 Types of phantom uses in radiology (Ionising radiation):  

Phantoms have been used in radiology for different purposes: radiation 

dosimetry, image quality and quality assurance (QA) investigations of medical 

imaging devices. The design, as well as the composition of a phantom, is 

heavily dependent on the purpose of the phantom. This includes the phantom 

use for either dosimetry, or image quality assessment and the energy of the 

radiation that will be used, keV as in diagnostic application or MeV as in 

theraputic applications (White et al., 1989). Tissue equivalent substitutes which 

mimic the radiological and physical properties of human tissue under a certain 

radiation energy range might not mimic them under higher or lower radiation 

beam energy. Hence, different phantoms have been developed for the same 

purpose but for different imaging modalities.  

This section will include some examples of each category and will summarise 

the main principle behind each type and its advantages and limitations. It will 

focus mainly on phantoms used in diagnostic applications. Due to the large 

numbers and types of commercially available phantoms that are already used in 

radiography, only the most commonly used phantoms will be included.  

5.2.1.1 Radiation dosimetry phantom:  

As named, this category of phantoms is used mainly to measure the dose at 

certain points of interest. Placing a patient in an ionising radiation main beam 

for radiation dose measurement is not possible both ethically and morally, while 

inserting dosimeters inside the patient is even more impracticable, hence, this 

type of phantom is used. Dosimetry phantoms can be classified into two main 

types, water and non-water based (Hill et al., 2008). Water based phantoms 

mainly consist of a tank of water usually 30 x 30 x 30 cm or larger (Podgorsak, 

2005). Inside the tank, there is a water subsystem consisting of reservoir, pump 



 
 
 

141 
 

and transfer line. This type of phantom is considered to be the first attempt of 

dosimetry phantom construction and still used due to it is simplicity (Podgorsak, 

2005). It also allows an infinite number of dosimetry locations within its confines. 

They have been used extensively in radiography research (Huda and 

Gkanatsios, 1998, Baker, 2017, Longo et al., 2018). However, for comparison 

and research purposes, accurate replication of dose measurements using a 

water tank is limited due to impracticable reproducibility of dosimeter 

positioning. Additionally, in order to correctly position the dosimeter, a 3D 

scanning system is needed which adds more requirement to the water tank 

phantom system. Along with these required tools, setting up a water phantom is 

a time consuming and laborious process. Moreover, some TLDs cannot be 

used in water tanks; a solid dosimeter can be used but has to be waterproofed.  

Moreover, the composition of a human body is heterogeneous and not 

identically represented by a water phantom. Hence, new non-water based 

generations of dosimeter phantoms have been introduced, in order to fulfil the 

needs for dose measurements and overcome the limitation of water based 

phantoms. These types of phantom started with simple materials, such as 

poly(methyl methacrylate) which is also called PMMA or acrylic (ICRU, 1989, 

Hill et al., 2008). However, over time, these materials exhibit changes as results 

of radiation exposure. Additionally, their composition is not identical to water or 

the desired human tissue properties (Hill et al., 2008). Hence, improved 

versions of these types of phantoms have been engineered in the form of 

stacks of plastic that mimic the physical and radiological properties of different 

tissues. For instance, Virtual Water™, Gammex Solid Water™, CIRS Plastic 

Water™ and Solid Water® (Schoenfeld et al., 2017, Van Asselen et al., 2017).  

5.2.1.2 Quality control phantoms:  

These types of phantoms are used primarily for acceptance and quality control 

(QC) tests. They are made of materials that absorb and scatter radiation in a 

similar way to human body tissues. Various phantoms have been developed to 

test different functions (for example, step wedge, line resolution and contrast 

detailed phantoms). Special requirements need to be met for these types of 

phantoms. These include the phantom’s materials and thickness, which should 
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mimic human radiation absorption and scattering properties. Phantoms need to 

be of a practicable size to be used in clinical settings. Examples of these 

phantoms are REX X-ray Test phantom (PTW, Germany), 07-646 Duke 

Phantom (Nuclear associates, USA) and CIRS ACR accreditation 

radiography/fluoroscopy QA phantom.  

Despite the use of these types of phantoms mainly for QC purposes, 

researchers have used them in dose optimisation, utilising their physical metrics 

to assess image quality (Mackenzie et al., 2016, Andria et al., 2016, Gislason-

Lee et al., 2015). However, they are limited to assessing physical 

measurements such as contrast, signal-to-noise ratio and sharpness, which are 

at the lowest level of ambition in image quality assessment (Tingberg, 2000). 

5.2.1.3 Imaging phantoms:  

In this category of phantom, the purpose is more to test the image quality than 

radiation dose measurement. In the literature, there are numerous types of 

phantoms that have been used to fulfil this purpose. However, since dose 

optimisation research usually considers radiation dose and image quality, some 

dosimetry phantoms have been used for both dosimetry and image quality 

assessment. These include the RANDO® (The Phantom Laboratory, Salem, 

NY) and ATOM® (Computerized Imaging Reference Systems, Norfolk, VA) 

phantoms. These phantoms are sectioned into 2.5 cm slices and have holes to 

accommodate TLDs for dosimetry purposes. Despite the fact that these 

phantoms are not the best for image quality assessment since they are not 

identical to human tissues, they have been used extensively in previous studies 

reported in the literature e.g. (Ali et al., 2015, Manninen et al., 2014, Hampel 

and Pascoal, 2018).  

Other phantoms are commercially produced for image quality research 

purposes and have additional human structures such as kidneys, liver and 

colon. These include Kyoto N1 Lungman (Kyoto Kagaku, Japan), RS-113T 

anthropometric pelvis phantom (Radiology Support Devices, Long Beach, CA) 

as torso only phantoms, and Kyoto PBU-50 (Kyoto Kagaku, Japan) as a full 

body phantom.  
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These phantoms have advantages of replicating human body structures and 

providing more details that can be used to assess the image quality using the 

European Image Quality (CEC, 1996). However, all physical phantoms that are 

currently available are demonstrative of average normal weight size patients. 

5.2.2 Phantoms used in similar studies: 

Due to the high prevalence of obesity and the challenges it poses to the 

management and assessment of patients in radiological departments, many 

studies have been conducted in an attempt to optimise the dose and image 

quality especially in computed tomography. Due to the limited availability of 

commercial phantoms representing obese patients, different studies used 

different approaches to achieve the goal of dose optimisation in obese patients. 

Table 26 outlines ten examples of options and these will be discussed in the 

next section with regards to their advantages and limitations.  
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Table 26 List of examples of previous studies and the approaches used to fabricate obese phantoms. 

n Authors 
name 

modality Aim  Phantom  thickness 

1 (Meinel et 
al., 2014) 

Dual – energy 
coronary CT  
angiography  

To assess of tube potential on 
image quality and radiation 
dose. 

Pseudo-anthropometric 
thoracic phantom (QRM, 
Forchheim, Germany) + 
STER (Unknown source)  

QRM thoracic phantom: lateral 
access: 30 cm 
Anteroposterior access:  20 
cm.  
Soft-tissue equivalent ring: 5 
cm. 
Maximum QRM + STER 
thickness: 25 cm 

2 (Euler et al., 
2015) 

Abdominal CT 
scan 

To assess image quality of 
obese abdominal CT using 
integrated circuit (IC) and 
conventional detectors. 

Pseudo-liver phantom (QRM, 
Moehrendorf, Germany) 
inserted in a water-filled 
plastic cylinder  

Liver phantom inserted inside 
the water-filled cylinder: 40 
cm. 

3 (Morsbach et 
al., 2014) 

Abdominal CT 
scan 

To assess the effects of IC 
detector for abdominal CT on 
image quality. 

Pseudo-anthropometric 
abdominal phantom (QRM-
DEP-002, QRM) + Two STER 
+ one FTER 

QRM abdominal phantom : 20 
x 30 cm 
With one STER: 25 x 35 cm 
With two STER: 30 x 40 cm 
With two STER and FTER: 50 
x 60 cm 
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4 (Schindera et 
al., 2014) 

Abdominal CT 
scan 

To assess the impact of noise 
reduction technique on image 
quality, radiation in abdominal 
CT for obese patients. 

Pseudo-liver phantom (QRM, 
Moehrendorf, Germany) + 
two FTER (Unknown source) 

Liver phantom: 15 cm.  
Liver phantom inserted the 
first FTER: 30 cm 
Liver phantom inside the two 
FTER: 40 cm 

5 (Al-Murshedi 
et al., 2019) 

Projection 
radiography 

To assess the effects of obesity 
on image quality, radiation dose 
and acquisition parameters in 
chest radiograph 

Lungman adult chest 
phantom (Kyoto Kagaku, 
Japan) + two soft tissue 
equivalent plate 

Lungman AP acces: Unknown 
Soft tissue plates: 6 cm 

6 (Pina et al., 
2009) 

Projection 
radiography 

To assess image quality  Acrylic plates  Based on examined part. For 
pelvis: 20 cm max thickness of 
acrylic represent 30 cm patient 
thickness 
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7 (Zheng et al., 
2017) 

Projection 
radiography and 
CT scan 

To assess the obesity effects 
on the exponent of the power 
law relating dose to x-ray tube 
potential  

Two Standard PMMA CT 
dose phantom  

Head phantom: 16 cm 
(representing small size) 
 
Body phantom: 32 cm 
(representing large size 
patient) 

8 (Alzyoud et 
al., 2018) 

Projection 
radiography 

To assess the impact of body 
thickness on image quality, 
effective dose and to identify 
the optimum exposure 
parameters 

RS-113T anthropometric 
pelvis phantom (Radiology 
Support Devices, CA) + 
commercial lard  

Maximum thickness of lard 
used: 16 cm 
RS-113T thickness: unknown  

9 (Ching et al., 
2015a) 

Projection 
radiography 

To compare the accuracy of 
four systems to predict the 
required mAs for pelvic 
radiography  

Kyoto abdomen-pelvis 
anthropometric phantom 
(Kyoto Kagaku Co. Ltd; 
Kyoto, Japan) + pork belly  

Kyoto phantom: 18 cm 
Kyoto phantom + pork belly: 
21.5 cm 
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10 (Wang et al., 
2013) 

Abdominal CT 
scan 

To assess the radiation dose in 
obese and non-obese adult 

ATOM phantom 701-D (CIRS, 
USA) + Two FTER  

ATOM phantom: unknown 
FTER: 4 cm each  

STER: Soft tissue equivalent ring 
FTER: fat tissue equivalent ring
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From Table 26, it can be seen that different studies have used different 

materials and designs to tackle the issue of dose optimisation and image quality 

in this group of patients. Studies number; 1, 3, 5 and 10 have used normal 

weight anthropometric phantoms, but with the similar idea of adding fat or soft 

tissue rings to extend the thickness of the anthropometric phantoms to 

represent obese patients. These FTER and LTER used in these studies are 

verified to have similar pixel density, Hounsfield Unit (HU), of fat and lean and 

they are commercially available. In study number 10, the FTER used had 22 cm 

width each, this width will limit the use of these materials to small body parts 

examinations such as extremities but not in large area procedures such as 

abdomen, lumbar spine and pelvis.  If these rings were to be used in the 

abdominal area, the two FTER would have to be wrapped around the phantom 

next to each other to extend the normal weight phantom by 8 cm. Hence, fat 

and soft-tissue rings are good options if available. However, due to the cost of 

these materials, it was not possible to use them in the current project.  

In studies number 2, 4, 6 and 7, much cheaper materials have been used to 

represent obese patients; PMMA. Despite the cost effectiveness of these 

materials, their representation of human tissue is limited. Additionally, their use 

in dosimetry research in low energy procedures, <120 keV, is questionable 

(Jones et al., 2003). In study number 7, the researcher used readily available 

and inexpensive cylinders of Perspex with holes in five different regions for 

dosimetry purposes. Two cylinders were used to represent small (26 cm 

diameter) and large (32 cm diameter) patients. However, the diameter of these 

cylinders might be representative to an obese patient’s abdomen 

anteroposterior diameter but it is much smaller than the collimation size used in 

abdomen radiography. This will reduce the scattered radiation, which is the 

main source of noise when imaging obese patients, and subsequently will 

impact on the applicability of the result on clinical practice.  

In the studies 8 and 9, animal-based materials have been used to extend 

average size anthropometric phantoms into obese models. In both studies, the 

animal-based fat substitutes were added on top of the anthropometric phantom 

to conduct image quality assessment. Due to the bony structure embedded into 
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the anthropometric phantom, this will make assessing the image quality 

subjectively possible. However, fat positioning, i.e anteriorly or posteriorly, will 

have an impact on image quality as well as the absorbed dose. This is based on 

the results of Yanch and colleagues’ study based on Monte Carlo simulation 

where fat layers were added to a stylized phantom to assess the effects of fat 

thickness and orientation on image quality and dose (Yanch et al., 2009). They 

found that fat orientation impacts heavily on organ dose as well as image 

quality. Hence, the results of studies 8 and 9 might not be representative of the 

scenario in clinical practice as the fat was added only to the anterior aspect of 

the phantom. Additionally, the LBM was not taken into account in these two 

studies which has been proved to increase along with the FM. 

In order to simulate obese patients with different thickness, a large amount of 

animal fat is needed, this subsequently means a cold-storage facility is needed 

as well in order to store and reuse the animal fat. This will be impracticable 

especially if lard or pork belly tissues were used to wrap around the 

anthropometric phantom, as large amounts would be needed.  

5.2.3 Phantom requirements 

Based on the literature described above, the phantom intended to be used had 

to fulfil the following requirements: 

1- The phantom must have similar absorption and scattering properties to 

human tissue in diagnostic x-ray range, between 60 and 140 KeV.  

2- The phantom must facilitate visual image quality assessment, which 

means the phantom has to be heterogeneous and have bony structures. 

3- The materials used should be easy and inexpensive to fabricate.  

4- The fabrication and construction of the tissue equivalent substitutes must 

be manageable based on the lab facility that is available to the 

researcher. 

5- Both fat and lean tissue should be fabricated using the same materials in 

order to reduce the cost and time. 

6- The final product should be reusable and easy to store.  
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With these criteria in consideration, different materials used in the literature 

were studied in order to select the best option that would fulfil the requirements 

of this project. Urethane based materials have been used in the literature and 

they were deemed to be a good option for different reasons (Winslow et al., 

2009). Firstly, urethane based materials are fairly cheap and accessible and 

doesn’t need highly equipped lab in order to fabricate them. Additionally, they 

are more stable and do not degrade over time and loss their radiological 

properties (Winslow et al., 2009). Moreover, they last for long time which will 

facilitate more dose optimisation research with regards to obese patients.  
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5.3 Methods and materials: 

Despite the fact that the materials used in this study have already been 

described in the literature (Winslow et al., 2009), due to the variation in physical 

and radiological properties between different studies (Kasraie et al., 2018, Nute, 

2015), the validation stage was deemed to be essential to ensure the 

reproducibility of the materials. Additionally, different technical challenges 

reported in other studies which might impact on the appropriateness of the 

materials for this project including insufficient dissolving of the additives to the 

main component resulting in producing a layer of additives at the bottom of the 

produced slabs (Hall, 2011). Hence, this study was conducted in two phases: 

- Tissue equivalent substitutes trial fabrication and validation  

- Final phantom construction 

Phase one will be described first followed by its validation results. Following 

that, the final phantom construction will be described and its result will be 

presented. 

5.3.1 Tissue equivalent substitutes trial fabrication:  

5.3.1.1 Lean-tissue equivalent substitutes (LTES):  

A urethane-based compound was used as the base in the fabrication of the 

LTES. The material is called PMC 121/30 Dry, and it was sourced from Smooth-

On Company in the USA (Smooth-On, Inc.). This material when cured produces 

a flexible urethane rubber. It is a liquid based material and consists of two-parts; 

part (A) the hardener, and part (B) the rubber. Smooth-On provides different 

quantities of this material; 0.9 kg, 7.26 kg, 36.29 kg and 399.17 kg of each part 

for a set. Since the aim of this stage was to fabricate a trial sample of LTES for 

validation purposes only, the trial package, containing 0.91 kg of each part A 

and B, was ordered. This is due to the fact that these materials have a short 

shelf life and when opened must be used as soon as possible; otherwise, their 

chemical features will degrade. The package was stored as advised by the 

provider in a dry and a well ventilated area, with a temperature between 18 and 

23 C°. The density of PMC 121/30 is about 1.01 g/cm3. This figure of density is 

less than the density of human muscle, which is 1.04-1.05 g/cm3 (ICRU, 1989, 
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Berger, 2005). For this reason, the density had to be increased to match the 

muscle density value. Calcium carbonate (CaCo3) was used as an additive and 

in 2.8 % of the PMC materials weight. The reason for adding this type of 

material specifically is due its high density value (2.71 g/cm3). CaCo3 was 

sourced from Fisher Scientific UK LTD, and it came with 98% purity in a powder 

format.   

5.3.1.2 Fat Tissue Equivalent Substitute (FTES):  

The PMC 121/30 Dry was also used in the fabrication of the FTES. However, as 

its density is higher than fat density, which is 0.92-0.95 g/cm3 (ICRU, 1989, 

Berger, 2005),  a phenolic microsphere, in a form of powder, was used (2% by 

the weight of the PMC 121/30 Dry) as an additive due to its light density which 

ranges between 0.20 and 0.80 g/cm3. Two kilograms of this material was 

sourced from Azelis (www.azelis.com). As this material is highly sensitive to 

humidity and moisture, they were kept sealed, unless used, and placed in a 

very well ventilated area.   

5.3.2 Trial sample moulds: 

In order to fabricate a trial sample of LTES and FTES, and for its purpose, the 

moulds had to have special features to enhance the shape and size of the final 

products as well as simplify and save time and cost of the process. The first 

feature is to have a regular shape, i.e square or rectangle. The reason behind 

this is to simplify the density measurement of the final product using the 

standard equation of density = mass / volume rather than the sophisticated 

Archimedes’ principle. The reason attributed to this is the lack of required 

facilities to calculate the density using the Archimede’s method. Additionally, 

immersing the FTES sample in the water was challenging as reported by 

Winslow and colleagues due to the small density of FTES compared to water 

(Winslow et al., 2009). Additionally, the mould has to be made of glass, metal or 

hard plastic in order to reduce the cost by not using a sealing and release 

agent, especially in this stage. Finally, the moulds had to be of translucent 

materials in order to visualise the mixture when poured into the mould and 

identify the level of the mix inside the moulds to ensure the height of the final 

product is of the same to reduce the volume measurement errors.  
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Based on these features, and after a search for the type of moulds with the 

lowest cost possible, a makeup organizer that has six small rectangular drawers 

and made of Perspex was deemed to be the best choice. Each drawer had a 

dimension of 9.5 cm (width) x 12.4 cm (length) x 2 cm (depth). The product was 

sourced from eBay at a cost of £13.  

5.3.3 Health and safety and pre fabrication process:   

Due to the hazardous nature of PMC 121/30 dry materials, containing 

disononyl-phthalate (5-15 % per weight) and toluene diisocyanate (<1 % per 

weight) in part (A) and diethyl-toluene diamine (1-5 % per weight) and phenyl-

mercuric neodecanoate (0.2-0.25 % per weight) in part (B), precautionary 

measures had to be in place prior to the experiment commencing in order to 

comply with the health and safety regulation of the university.  Firstly, the 

researcher attended a course on how to handle hazardous materials run by the 

university. Following that, a full laboratory induction was attended by the 

researcher in order to be familiar with the laboratory’s facilities and health and 

safety regulations. Based on the success of these two steps, multiple meetings 

were set with the lab manager, health and safety officer who was one of the 

supervision team and the lab technicians to discuss the next process of filling 

the Control Of Substances Hazardous to Health (COSHH) forms for the 

experiments.  

The Material Safety Data Sheet (MSDS) for all materials were read carefully 

and based on that and the preliminary protocol for the experiments, the COSHH 

forms were prepared and handed over to the lab manager for final approval.  

Once final approval was granted, the researcher started preparing for the 

fabrication.  

As the final products needed in this stage were for validation purposes, the first 

COSHH form was prepared only for the trial experiments using very low 

amounts of the materials, Appendix 6. 

5.3.4 Mixing process: 

Due to the limited space inside the fume hood, where the fabrication process 

was taking place in compliance with the COSSH requirements, all materials 
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were kept ready in a bench next to the fume hood for easy access. To save 

money, a 500 ml cuisine measuring mug was sourced from local superstore, 

and used as a mixing pot. A stainless steel spatula was used for stirring the mix. 

In order to keep control of the process and to eliminate errors and 

contaminations, FTES and LTES were fabricated separately. Inside the fume 

hood, the bench scale, with maximum capacity of 6 kg and 0.2 g precision  

(WZ-10000-56 Cole-Parmer Symmetry, Cole-Parmer Scientific Experts, UK), 

spatula, the measuring mug and the mould were kept ready and wiped with 

clean dry tissue to eliminate humidity.  

The first material fabricated was the FTES. In order to save the PMC materials 

in case the experiments needed to be repeated, 100 g of part (A) and 100 g of 

part (B) of the PMC 121/30 were used. The first step was to weigh the needed 

amount of the phenolic microspheres (4 g), which represent 2% of the 200 g of 

the PMC 121/30. A lab glass beaker was used to pour the needed phenolic 

microspheres inside. The beaker was then placed in the fume hood and 

covered with a paper. The reasons for weighing and covering the phenolic 

microspheres before the PMC 121/30, are to eliminate the contamination of the 

PMC, and also to avoid the phenolic microspheres from being airborne inside 

the fume hood as they have a very light weight. Part (B) had to be shaken and 

opened and the required quantity (100 g) was poured into the mixing mug. The 

mixing mug was then placed aside inside the fume hood in preparation for 

mixing, the phenolic microspheres were added and mixed with part (B) by hand 

for two minutes, using a wooden stirring stick sourced from the same supplier. 

The scale was then reset to zero with the mixing mug on top, and part (A) was 

then added to the mix. Since the hardener, part (A), is heavy in weight, it would 

sink in the mix when poured, which would have eliminated the researcher’s 

control of this material if over-poured, hence, a 50cc syringe was used to add 

the required amount of part (A) to the mix. The mix was then stirred again by 

hand for another two minutes and then poured into the mould.  

It was hard to pour all the mix into the mould due to its high viscosity; this was 

taken into account when preparing the LTES.  

The preparation of the LTES was similar to that of the FTES apart from: 
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- The amount of PMC 121/30 used increased from 100 g of each part, A 

and B, to 130 g. this is to compensate the residual of the mix stuck to the 

mixing mug. 

- The additive used in preparation of the LTES is the Calcium Carbonate 

(CaCo3) with 2.8% of the PMC total amount, 7.2 g in this trial.  

Both fabricated materials were left to dry in the fume hood for 16 hours. Both 

materials were peeled out of the moulds easily and did not need a release 

agent.  

5.3.5 Validation process: 

In order to compare the radiological interaction properties of the fabricated 

materials and the human tissues, the density, attenuation coefficient and 

Hounsfield unit (HU) were investigated for the FTES and LTES and compared 

to lard and Perspex. The reason for choosing lard and Perspex is their wide use 

in the literature to represent fat and lean tissues (Mooney and Thomas, 1998, 

Dance, 1990, Midgley et al., 2017, Alsleem and Davidson, 2015, Ikejimba et al., 

2017, Cherif et al., 2018, Kiarashi et al., 2015).  

5.3.5.1 Density: 

The physical density of the FTES and LTES slabs was calculated using 

Equation 11  

> = 

?  

Equation 11 

Where ρ is the physical density 

m is the sample mass in g 

v  is the sample volume in cm3 

To measure the mass, the bench scale (WZ-10000-56 Cole-Parmer Symmetry, 

Cole-Parmer Scientific Experts, UK) was used to measure the mass of each 

samples. The mass of each slab was measured three times and the average 

mass calculated. The volume of the each slab was determined by measuring 

the dimensions of the slab using a Vernier calliper with accuracy of ± 0.02 mm 
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(#5416C- Forge Steel, China). The thickness of each slab was measured three 

times while changing the measuring site and the average thickness was 

considered in the volume calculation. 

5.3.5.2 Attenuation coefficient: 

In order to compare the radiological properties of the FTES and LTES with lard 

and Perspex, which had already been used extensively in the literature to mimic 

human fat and lean, a Black Piranha dosimeter (RTI Group, Sweden) was used 

with Siemens Multix Fusion Max x-ray generator (Siemens Healthcare, 

Germany) to measure the x-ray attenuation through each sample. The Piranha 

dosimeter was placed on the x-ray table while the FTES and LTES slab was 

placed on top of it. The distance between the source of the beam and the 

detector inside the Piranha dosimeter was set to 100 cm  

The same was repeated for a Perspex slab with similar thickness to the LTES. 

For the FTES, lard was sourced from a local shop and sliced to match the 

thickness of the FTES slab. Each slab was exposed to multiple exposures with 

kVp ranged between 40 kVp and 120 kVp with 10 kVp intervals with fixed mAs, 

5. Each exposure was repeated three times and the average exposure readings 

were used. To maintain constant tube outputs, there was a time gap of two 

minutes between each exposure. The beam was collimated to the size of the 

detector inside the Piranha dosimeter.  

In order to test the consistency of radiological properties across each slab of 

FTES and LTES compared to the bench mark materials, Perspex and lard, the 

HU was tested using a CT scan (SOMATOM definition Edge- Siemens, 

Germany) with 4 kVp level; 80, 100, 120 and 140.  
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5.4 Validation results:  

In this section, the result of the first trial FTES and LTES sample, which was 

built for validation purposes, will be presented. 
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5.4.1 Physical density:  

Figure 18  FTES (A) and LTES (B) trial sample and the physical density of each 

sample 

 

 

  

 

As illustrated in Figure 18, the final product of FTES (A) and LTES (B) are fully 

cured and in a regular shapes that facilitate the physical density measurements. 

The thickness of LTES (B) is larger than the FTES (A) thickness due to the 

amount difference in the PMC  121/30 materials used in fabricating both 

samples as discussed in (5.3.4). As seen, the additives have dissolved 

efficiently through both samples as there is no sign of additives collection in 

either of the two products.    
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5.4.2 Attenuation coefficient:  

Figure 19 FTES attenuation compared to lard (mGy) 

 

As demonstrated in Figure 19, the attenuation coefficient of FTES is identical to 

lard, the bench mark material. As expected, the attenuation increased with the 

tube potential. 

 

 

 

 

 

 

0.020

0.039

0.061

0.086

0.115

0.144

0.178

0.225

0.255

0.284

0.020

0.039

0.062

0.086

0.116

0.144

0.177

0.223

0.253

0.284

0.000

0.050

0.100

0.150

0.200

0.250

0.300

40 kVp 50 kVp 60 kVp 70 kVp 81 kVp 90 kVp 100
kVp

113
kVp

121
kVp

129
kVp

Attenuation coefficient of lard and FTES 

FTES

Lard



 
 
 

160 
 

 

Figure 20 LTES attenuation compared to Perspex (mGy) 

 

 

 

Figure 20 demonstrates the attenuation coefficient of the fabricated LTES 

compared to Perspex across different kVp levels. Both materials have a similar 

attenuation coefficient trend with slight difference increases along with the kVp.  
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Table 27 Comparison of attenuation coefficient (mGy) difference percentage for 

LTES compared to Perspex, and FTES compared to lard across various kVp 

levels. 

 

The fabricated FTES material demonstrated identical attenuation coefficient 

compared to lard across different kVp levels as shown in table 27. Similarly, the 

LTES attenuated x-ray identical to Perspex.   

kVp LTES Perspex % FTES Lard % 

40 0.018 0.019 -4.50 0.020 0.020 -1.13 
50 0.035 0.037 -5.46 0.039 0.039 -1.33 
60 0.056 0.059 -5.18 0.061 0.062 -0.66 
70 0.080 0.083 -3.75 0.086 0.086 -0.26 
81 0.108 0.113 -4.51 0.115 0.116 -0.81 
90 0.136 0.140 -2.95 0.144 0.144 0.43 

100 0.168 0.172 -2.80 0.178 0.177 0.56 
113 0.214 0.218 -2.02 0.225 0.223 0.81 
121 0.244 0.248 -1.68 0.255 0.253 1.07 
129 0.271 0.278 -2.50 0.284 0.284 0.04 
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5.4.3 Hounsfield Unit (HU):  

Figure 21 CT scan image for lard, LTES, FTES and Perspex 

 

 

 

 

 

 

 

 

The fabricated FTES and LTES as well as the lard and Perspex were CT 

scanned. In Figure 21 the texture of each material can be seen clearly. The HU 

for each material was averaged across a 2 cm2 area and the HU value for each 

material is presented in Table 28. All scans were conducted with the room 

temperature between 20°C and 23°C. The room has air conditioning to maintain 

room at aa constant temperature. Despite the fact that the materials were not 

tested in different room temperature, which means their HU might change 

accordingly, the room temperature used during the scan is similar to room 

temperature used in clinical practice that is recommended by most x-ray vendor 

to save the system life.   

Lard 

LTES 

FTES 
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Table 28 Hounsfield Unit (HU) results for fabricated and bench marking 

materials 

 FTES Lard LTES Perspex 

80 kVp -69.7 ± 4.49 -78.0 ± 6.16 34.3 ±3.86 
 

112 ± 8.0 

100 kVp -67.3 ± 2.86 -80.0 ± 4.02 31.3 ±4.11 
 

126 ± 2.1 

120 kVp -62.7 ± 1.69 -74.3 ± 2.05 29.7 ±2.05 
 

127.6 ± 3.0 

140 kVp -67.3 ± 4.49 -68.6 ± 4.78 24.7 ±2.05 
 

131.6 ± 2.4 

 

The HU of FTES and lard are of similar values. However, the LTES’s HU is 

different compared to the Perspex. The Perspex HU is above +100, which is in 

line with what has been reported in the literature (Reeves et al., 2012). The 

LTES is more of muscle representative rather than average soft tissue 

equivalent substitute.  
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5.5 Final phantom construction: 

FTES and LTES fabricated using PMC 121/30 dry showed a promising 

agreement in radiological properties compared to the human fat and lean 

tissues as in the results section. Therefore, these materials were deemed to be 

suitable for the construction of FTES and LTES layers in order to modify a 

commercially available phantom already used in dose optimisation in obese 

phantoms.  

5.5.1.1 Calculation stage:  

As the aim of this project is to extend a commercially available phantom into a 

representative obese phantom, the KYTO PBU-50 was used. The KYOTO 

PBU-50 phantom (KYOTO KAGAKU.co., LTD) is a full body anthropometric 

phantom  with a synthetic skeleton, lung, liver, mediastinum and kidneys all 

embedded in the phantom original soft tissue substitute. This phantom has 

already been used in the literature in dose optimisation studies (Kim et al., 

2013, Harbron, 2011, Morishima et al., 2016). The KYOTO phantom has a 

weight of 50 kg, and a height of 1.65 m. By calculating the BMI for the KYOTO 

phantom using the formula: BMI= (weight / height 2), it has a BMI of 18.3 kg/m2. 

The area of interest is the abdominal region, from the xiphoidal process to the 

pubic symphysis.  

FM and LBM in the abdominal region were predicted using the equations 

developed by the researcher in Chapter (4), Equation 7 for abdominal FM and 

Equation 9 for the LBM.  

As the DXA study showed no significant increase in LBM along with FM in a 

BMI group less than 30 kg/m2, the LBM was kept the same for BMIs ≤ 30 kg/m2.   

In order to transform the KYOTO phantom into an obese model, layers of FTES 

and LTES needed to be wrapped around the abdominal region of the KYOTO 

phantom as the region of interest in this project. The visceral fat was thought to 

be far more difficult to fabricate as the phantom comes in a bulk with no 

possibility of insertion of any other materials as other phantom facilitates, 

LUNGMAN chest phantom for instance (Szczepura and Manning, 2016).    
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5.5.1.2 Mould design and laser cutting:  

As the abdominal area of the KYOTO phantom has a surface to mimic that of 

human, moulds needed to be designed using a material that is easy and flexible 

to fabricate in order to mimic the phantom surface. The mould design needed to 

fit perfectly on top of the phantom in order to minimise the air gap between the 

phantom and the constructed FTES and LTES layers. Additionally, the shape of 

the final transformed phantom must have a shape similar to the abdominal area 

in the supine position.  

To fulfil these two requirements, the material of the moulds had to be flexible in 

shaping, easy to craft, and strong enough to accommodate the mixed materials 

when poured in. A few options were available including; Perspex, wood and 

polystyrene. The Perspex was excluded for it is high cost, where 60 x 40 x 10 

cm sheet of Perspex would cost roughly £26. Taking into account that the 

amount of sheets needed is large, the Perspex was considered a very 

expensive choice. Also, cutting the Perspex is laborious, would take longer in 

the laser cutting machine and cost more. Moreover, demoulding the urethane 

materials from the Perspex would need laser cutting again and the moulds will 

not be reusable. Despite that, the Perspex wouldn’t need a sealing or release 

agent when pouring the urethane mix, however, it was deemed not to be the 

best choice that would suit the available technical and financial resources. The 

same applied to the wood.  While a sheet of wood of the required size would 

cost around £5, the crafting of the wood is much more difficult than Perspex, as 

most laser cutting companies in the area don’t have the facilities to cut wood, 

which produces more smoke under a laser beam and may damage the laser 

machine, therefore, a special laser cutting tool is needed. Both Perspex and 

wood are heavy and if 47 sheets were piled and filled with about 30 to 38 kg of 

FTES and LTES this may make it impossible to manage and will violate the 

manual handling health and safety rules. For these reasons, these two 

materials were excluded. The polystyrene was considered to be a good choice 

for its low cost, £1 a sheet, light weight and low laser cutting cost. However, 

different types of polystyrene are available online with different densities. To 

test the suitability of these materials when laser cut, 10 sheets were ordered 

from eBay seller (LONGVALLEY PACKAGING LTD). As the seller provides 
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different grades of polystyrene with density ranged between 10 to 30 g/ltr3, the 

sheets selected had an ultra-high density, 30 g/ltr3. This option had the highest 

density offered by the supplier and according to the laser cutting company 

operator, the higher the density the better at remaining still under the laser 

beam. Multiple square shapes were cut from two of the polystyrene sheets in 

order to test the durability of this material to a laser beam and how that might 

affect the cut accuracy. It showed good accuracy and did not melt at the edge; 

this indicated the suitability of ultra-high density polystyrene for this project.  

Once a decision was made regarding which materials to use to design the 

moulds, the second step was to design them. The KYOTO phantom, torso 

section, was CT scanned (64 Slices – GE VCT Scanner, GE Healthcare, USA) 

in order to have a 3D shape of the phantom. Images were then transferred into 

OsiriX Lite software (OsiriX Lite, osirix viewer) in order to reconstruct them into 

10 mm thickness with interest in the region between the pubic symphysis and 2 

cm above the xiphoidal process. Using 10mm slice thickness was chosen 

carefully for various reasons. First, to avoid losing some details of the phantom 

surface shape which would create the possibility of having some air gap 

between the fabricated FTES and the phantom. Secondly, as the polystyrene 

sheet will have the same thickness as the image, 10mm, this will eliminate the 

risk of the polystyrene melting when laser cut as the thicker the polystyrene the 

more time would be needed for the laser beam to cut the sheet.     

In preparation for laser cutting, the outlines of the phantom had to be drawn 

slice by slice based on the CT images along with the extra layers of FTES and 

LTES that were intended to be added. In order to achieve that, Computer Aided 

Design (CAD) software (Inkscape 0.92, www.inkscape.org) was used. All CT 

images were imported into the CAD software in the correct order. Images were 

numbered and organised in five rows, each row contained 10 images, apart 

from the last row which contained seven images. A bitmap was auto-drawn 

around each image, as the interest here was to outline the shape of the KYOTO 

phantom in each slice. Once all images were transferred into a bitmap, a line 

was drawn in the middle of each row and the bitmaps in each row were centred 

to that line. The reason behind this is to ensure the bitmaps are divided into two 

equal half that will form the final moulds. The oval shape of the abdomen was 



 
 
 

167 
 

then bitmapped using a CT image of similar phantom reported by Martin and 

colleagues (Beeres M, 2015). Figure 22 illustrates the designs of the mould of 

FTES and LTES, while the dimension of each mould is illustrated in Figure 23. 

The two sets of polystyrene sheets were then laser cut separately. Each set 

contained 47 sheets, numbered using holes cut in the left hand side corner in 

order to avoid confusion when stacked to form the final mould. 
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Figure 22 Mould’s design cross cut (A) for LTES (B) and FTES (C) prior to laser 

cutting  
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   -2nd LTES outer side  

   - 2nd FTES outer side and 

2nd LTES inner side 
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   - 1st FTES outer side and 1st 

LTES inner side 

  - KYOTO surface 

 

Mould design outlines from outside 
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A: a cross section for the final design of one slice before imported to the laser cutting 
machine 
B: LTES mould design 
C: FTES mould design 
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Figure 23 Diameters of FTES and LTES final layers  
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5.5.1.3 Mould assembly and sealing: 

For the FTES polystyrene set, packaging tape was used to seal the moulds. 

This was tested in the lab with a small amount of urethane mix, and it proved to 

be a good sealer and did not require a release agent to demould the materials 

after they had cured. As the space inside the two FTES moulds is very small, 

Figure 24, and it was very hard to insert the tape in and out when the 47 sheets 

were piled on top of each other. Hence, a set of 10 sheets were aligned 

together and sealed together at a time. After the 47 sheets were sealed in 10 

sheets bulk, they were glued together using Poly(vinyl acetate) (PVA) with two 

uncut polystyrene sheet at the bottom to form the mould’s base.  
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Figure 24 FTES sealed mould 

 

 

Figure 24 illustrates the FTES final mould after sealing with the packaging tape.  

As seen on the upper left hand side corner, laser cut holes have been used in 

order to number the polystyrene sheets in sequence to avoid confusion when 

combining all sheets together.   
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In the second set of polystyrene, which has LTES moulds, it was not possible to 

seal the moulds using the packaging tape as the moulds’ spaces are very 

narrow and any attempt will impose a risk of breaking the separator between 

the two moulds, Figure 24. Hence, each sheet had to be sealed individually with 

PVA. In order to ensure a good seal, a second coat of PVA was applied once 

the first coat had dried. As the polystyrene is not a good absorber of liquid, 

especially the sheet used in this project as it has high density, this lead to 

extended waiting time for the PVA to fully dry. After the PVA dried, the sheets 

were stacked on top of each other and glued using a PVA adhesive. The lower 

sheet was glued to double sheets of polystyrene that were not laser cut, this is 

to form the base of the moulds.   
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Figure 25 LTES sealed moulds 

 

Figure 25 illustrates the LTES moulds after being sealed using PVA and 

prepared ready for pouring the composite inside. As can be seen, the cavity of 

the moulds is very narrow causing a difficulty to be sealed using a packaging 

tape.   
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5.5.1.4 Mixing stage:  

5.5.1.4.1 FTES: 

As the two sets of polystyrene sheets were prepared for the mix to be poured in, 

and with the amounts of materials required pre-calculated, the mixing stage was 

then conducted. The mixing process followed the same steps described earlier 

but in a large scale (5.3.4).  

The FTES was first fabricated, using 1.5 kg of each part of PMC 121/30 Dry, in 

addition to the required amount of phenolic microspheres (60 g), the materials 

were mixed by hand, using a wooden stick sourced from the same supplier of 

the urethane materials, for about five to eight minutes and poured into one 

mould. The plan was to conduct all mixing in one day for the FTES moulds and 

the LTES in another day. After the second round of FTES mix was poured into 

the moulds, the mould started leaking from one side. Hence, the priority was to 

control the leak and avoid the mix escaping into the fume hood sink. As the mix 

set hard when cured, if it passes through the drain pipes it will block the drain in 

a matter of hours. Eventually, the leak was controlled and the mixing process 

suspended to the second day in order to allow the materials already in the 

mould to cure and eventually block the leak.  

However, the next day the composite inside the mould had only cured partially. 

As a result, it was not possible to continue using the materials until investigating 

the reasons behind the unexpected uncured composite.  

A contact was made with the company that produces the urethane materials, 

Smooth-on, to investigate the reasons behind uncured mix. The reply came 

back with suggestions that either the materials had passed their expiry date; 

had a manufacturing fault, or the mixture was under-mixed. In order to test the 

PMC materials and to ensure they were neither expired nor had a 

manufacturing fault, a small trial was conducted with no additives. The trial was 

conducted by adding part (B) and part (A) one to one by weight, mixed manually 

with a wooden stick for three minutes, poured into Perspex mould and left to 

cure for 16 hours. The result proved that the PMC materials have no issue and 

the fault could be due to under-mixing technique. 



 
 
 

175 
 

5.5.1.4.2 LTES: 

This was taken into account when mixing the LTES materials. As discussed 

earlier, the LTES materials were prepared but with an extended time of mixing 

and poured into the mould. The composite was left to dry over night and on the 

second day the composite was fully dry. Demoulding the LTES proved to be 

hard and laborious. Once the LTES was demoulded, the final product was full of 

air bubbles. This could be due to the fact that the LTES mould height, (47 

sheets totalling 47cm), when poured into the moulds created more air bubbles. 

Additionally, the final product lacked the desired smoothness. It also proved to 

be a very flexible product. This feature was not clear in the LTES trial sample, 

which could be attributed to its small size. Therefore, the LTES’s mould, which 

was curved to fit the shape of the phantom in order to avoid density changes 

when bent around the phantom, could be built using non-curved moulds. For 

these reasons, the LTES fabrication was repeated with more improvements in 

mould design.     

5.5.1.5 Improved mould design:  

The FTES mould was repeated as cleaning the first one proved to be 

impossible. The new mould has one cavity to cast the first FTES layer. The 

reason is that it is the only layer that will have irregular surface orientation to fit 

the KYOTO phantom, Figure 26. In this stage, 47 polystyrene sheets with ultra-

high density were sourced from the same supplier and the laser cutting was 

repeated. As the height of the mould is 49 cm, (i.e. 47 moulding sheets and two 

base sheets) it presented a challenge at the first round to deal with inside the 

fume hood. Also, to avoid the air bubbles that had been noticed in the LTES, 

the new mould was divided into three sections. The first section consisted of the 

two base sheets and another 16 crafted sheets, the second section consisted of 

16 while the third section 15 crafted sheets.   

The new mould sealing process was a little different to that used in the first 

mould. The inner side of the cavity was sealed with packaging tape but the 

outer side was sealed with A1 sheet of acetate plastic, with 400 micron weight, 

sourced from a crafting shop (www.veseygallery.co.uk), which was cut to size 

and glued onto the mould using PVA. The use of acetate plastic sheet to seal 
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the outer side of the mould attributed to its flexibility to bend around the mould 

and the less possibility of being separated from the mould with time as noticed 

in the first mould using packaging tape. The sealing was conducted separately 

for each section of the three sections.     

The first round of the LTES showed that the materials, when cured, are flexible 

and bending them will not affect their density when wrapped around the KYOTO 

phantom. Moreover, the remaining FTES and the LTES layers will need to fit on 

top of the first FTES layer which has a smooth and regular outer surface, 

hence, the use of laser-cut polystyrene sheets will not improve the quality of the 

final product, in fact it will make it difficult to deal with when sealing and 

demoulding as experienced in the first round, see section (5.5.1.3). For these 

reasons, plates of Perspex were cut in three different lengths to accommodate 

the increase in the circumference when wrapped around the KYOTO phantoms. 

The size of the plates is: 

- First LTES plate (1) : 56 (cm) x 47 (cm) x 5 (cm)  

- First FTES plate (2) : 60.7 (cm) x 47 (cm) x 5 (cm) 

- Second LTES plate (3) : 64.5 (cm) x 47 (cm) x 5 (cm) 

At a total cost of £75, these three plates were much cheaper than laser cutting 

of polystyrene. As an advantage of the Perspex, these plates did not require 

sealing or release agent and were ready to use after constructed.  

5.5.1.5.1 Mixing and final construction stage using new and improved 

FTES and LTES mould designs:  

The mixing time for additives with part (B) was extended to 8 minutes, while the 

time for mixing part (B) with the additives and part (A) was extended to 17 

minutes. There are two reason for choosing these arbitrary time values, the first 

is the pot life of the material, which is 30 minutes, this means once the mixing 

process started, the mixture had to be poured into the mould within 30 minutes. 

This gave the researcher a known time for good mixing compared to the first 

trial sample. Part (B) is less viscous compared to part (A), hence, 8 minutes 

was deemed to be sufficient to mix the additives with part (B) thoroughly. Extra 

time, 17 minutes, for the second part of mixing is due to the high viscosity of 

part (A) and thus more mixing is needed. All mixing process was conducted 
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inside plastic mixing containers, which have been sourced from Smooth-On Ltd, 

with a capacity of 4800 ml each. Wooden sticks were also sourced from the 

same company for mixing purposes.  

Washing the container after the mixing process in order to reuse it was far 

harder than anticipated; therefore, each mixing process was conducted using a 

new container and mixing stick to achieve the desired results.    

The FTES first layers were fabricated in multiple mixing sets, while the second 

FTES layers were fabricated in two mixing sets. The quantity of the materials 

used for each layer is shown in Table 29. The LTES layers were also fabricated 

in multiple mixing sets, Table 29. In order to ensure equal distribution of the 

LTES composites across the Perspex plate, a level scale (Stanley Black and 

Decker, USA) was used to level the Perspex plate inside the fume hood. Final 

FTES and LTES moulds are illustrated in Figure 26. 



 
 
 

178 
 

Table 29 Final mixing quantity for each mould 

Mould number  Part (A) Part (B) Additives  Mixing 

set 

total 

1st FTES layer (2) 1545 g 1545 g 61.8 g (Phen. Micr.) 6  18600 g  
1st LTES layers (2) 950 g 950 g 53.2 g (CaCo3) 2 3800 g 
2nd FTES layers 1875 g 1875 g 75 g (Phe. Mic.) 2 7530 g  
2nd LTES layers 975 g 975 g  54.6 g (CaCo3) 2 3900 g 

 

Table 29 listed the amount of each material that have been used in order to 

construct the final phantoms layers. The first FTES layers were the largest with 

a total FTES of 18.6 kg.    
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Figure 26 Improved FTES (A), and LTES (B) moulds with fabricated materials  

A: First section of the FTES improved mould with the composite inside 

 

 

B: LTES improved Perspex mould with the composite inside
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5.5.1.6 Validation:  

The use of the PMC 121/30 Dry with the calcium carbonate for LTES 

fabrication, and with phenolic microspheres for FTES fabrication has shown a 

good agreement with the lean and fat tissue densities, Hounsfield Unit and 

linear attenuation coefficient as stated in section (5.4). However, the final layers 

of FTES and LTES were constructed in a large scale and some layers were 

produced in more than two mixing sets. Hence, it was thought that a CT scan 

was needed again for the final FTES and LTES layers to investigate the 

consistency across different sections of these layers. A CT scan (SOMATOM 

definition Edge- Siemens, Germany) was used to scan all FTES and LTES 

layers wrapped around the KYOTO phantom using 4 levels of kVp; 80, 100, 120 

and 140 kVp, Figure 27. The HU for the FTES was taken from nine different 

regions, especially the two large FTES slabs, which were constructed in more 

than three mixing sets. For the LTES, as every layer was constructed in one go, 

three HU readings from different regions deemed sufficient.  
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Figure 27 CT scan of all FTES and LTES layers wrapped around the KYOTO 

phantom 

 

 

A sagittal CT view shows the LTES and FTES wrapped around the KYOTO 

phantom demonstrating the minimal air gap between the KYOTO phantom and 

the fabricated LTES and FTES layers, demonstrated in figure 27. 
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5.5.2 Validation result of the final FTES and LTES:  

Figure 28 FTES final layers HU 

 

As seen in figure 28, all FTES layers exhibited similar HU across all kVp levels. 

This indicates consistency during the mixing stage.  

  

Layer number 70 kVp 80 kVp 100 kVp 120 kVp 

mean SD mean SD mean SD mean SD 

FTES 1 (anterior) -103.5 11 -77.1 2.8 -81.4 1.2 -85 4.2 

FTES 1 (posterior) -88.6 3.9 -71.6 4.5 -67.7 3.4 -65.8 1.2 

FTES 2 (anterior) -73.6 1.8 -80.5 4.8 -87.5 1.5 -86.6 3.0 

FTES 2 (posterior) -71.7 12.1 -74 4.7 -73.8 3.1 -69.3 2.3 
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Figure 29 LTES final layers HU 

 

All LTES demonstrated HU values within the HU values of muscle, 10 – 40 HU. 

This provides assurance that the radiation attenuation across all layers is 

similar.  

Layer number 70 kVp 80 kVp 100 kVp 120 kVp 

Mean  SD Mean SD Mean SD Mean SD 

LTES 1 (anterior) 17.6 9.2 24.7 5.1 26 3.5 22.3 5.4 

LTES 1 (posterior) 29.3 4.3 19.8 6.2 20.5 6.7 28.3 6.6 

LTES 2 (anterior) 25.7 7.9 23.9 5.7 22.5 5.1 21.4 3.2 

LTES 2 (posterior) 31.8 4.1 26.6 7.4 27.3 4.6 24.9 5.8 
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Figure 30 First (A) and second (B) LTES showing the improvement in the final 

product 

 

 

 

 

 

 

 

 

Improved LTES technique has impacted positively in the final product. As 

illustrated in Figure 30, the first constructed LTES (A) has a rough surface and 

air bubbles, which in turn might impact on the x-ray attenuation. In (B), the final 

improved LTES layer is very smooth and no visible air bubbles produced. 

(A) (B) 
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5.6 Discussion:  

This chapter describes the first study of extending a normal-weight commercial 

phantom to obese models using urethane based materials, which were 

prepared, fabricated and validated in-house.  

The FTES and LTES trial samples have shown identical physical densities, 

Figure 18, to human fat and muscle densities in accordance with ICRU (ICRU, 

1989). The density of the FTES reported in this study is 0.93 g/cm3 while the 

human fat, adipose tissue, in the ICRU report is 0.916 g/cm3. However, 

variation in fat density is already reported in the literature concerning tissue 

equivalent substitutes, ranging from 0.91 to 0.95 g/cm3, (Watanabe and 

Constantinou, 2006, Hermann et al., 1986, Homolka et al., 2002, Sanada et al., 

1999).  

The FTES density reported in the current study, 0.93 g/cm3, is different to FTES 

density (0.88 cm/g3) produced by Fisher and Hintenlang using similar materials, 

i.e PMC 121/30 dry and phenolic microspheres (Fisher and Hintenlang, 2014). 

This could be attributed to the wide variation of phenolic microspheres 

densities, 0.20 – 0.80 g/cm3. Resourcing the phenolic microspheres from a 

different supplier might be the reason behind such difference. For logistical 

reasons, it was not possible to source the phenolic microspheres from the same 

supplier. Additionally, since the fabrication of the FTES is dependent on 

different factors such as; weighing precision, length of mixing, storage of the 

materials and the quantity mixed, therefore, the variation in these factors 

between the current study and Fisher and Hintenlang could explain the 

difference in FTES density between the two studies.  

Likewise, various LTES used in the literature, with regard to muscle tissue, with 

density variation ranging between 0.840 to 1.4 g/cm3 (Zoetelief et al., 2001, 

Yohannes et al., 2012). However, the LTES density reported in this study has 

an identical muscle density value to the ICRU recommended value, 1.04 g/cm3 

(ICRU, 1989).  

As shown in Figure 19, the attenuation coefficient of FTES across different kVp 

are within the 5% recommended by the ICRU compared with the bench marking 

material, lard (ICRU, 1989). With regard to the LTES attenuation coefficient 
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compared to the Perspex, the difference is slightly above the recommended 

5%. This could be attributed to the difference in densities between Perspex and 

LTES, 1.17 and 1.04 g/cm3, which will impact on the linear attenuation 

coefficient for photoelectric absorption (Graham et al., 2012). Additionally, such 

differences have been demonstrated by Ali and colleagues between Perspex 

and muscle linear attenuation coefficient (Ali et al., 2018).  However, such small 

difference is not an issue in case of substitutes used for less sensitive 

procedures such as radiography compared to mammography (ICRU, 1989).  

In terms of HU for FTES, the trial sample demonstrated HU values similar to the 

bench marking material, lard, as shown in Table 28 . These values are within 

the range reported in the literature for both subcutaneous and visceral fat (Sato 

et al., 2018, Lee et al., 2017, Nguyen et al., 2018). However, in terms of LTES, 

the HU values are different compared to the Perspex (~35 and ~120 HU). This 

could be attributed to the difference in densities of both materials as discussed 

earlier. However, both values are in line with what have already been reported 

in the literature (Amini et al., 2018, Yohannes et al., 2012, White, 1978, 

Vanderstraeten et al., 2007). Perspex has been used extensively as a soft-

tissue equivalent substitute, however, Sandborg and colleagues conducted a 

study to test the difference between soft tissue and various soft-tissue 

equivalent substitutes, one of which is Perspex, in terms of equivalent thickness 

(Sandborg et al., 1993). They concluded that the Perspex showed relatively the 

great spread in the equivalent thickness. They attributed this to the high density 

of Perspex (1.17 g/cm3) compared to soft-tissue density (1.00 g/cm3).  

Fabrication and construction of the final products of FTES and LTES proved to 

be more difficult than anticipated. First, the PMC 121/31 Dry materials are 

supplied solely by Smooth-on Ltd. in the USA. This makes sourcing the 

materials challenging and needed to be planned in advance to avoid any delay 

in the experimental timeline. This is more important in a large scale experiment, 

where availability of spare materials is crucial in the event of problems at any 

stage. Additionally, these materials have a very short shelf life; which means 

once opened they should be used soon afterwards. Furthermore, the pot life is 

also short; hence, before pouring the materials into the mixing pot, all 

preparation should be accomplished so the mixing can be completed within 30 
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minutes. This is due to the high viscosity of the composite (1800 CPS, per 

technical spec) with viscosity increases by the minute (Kasraie et al., 2018). As 

a result of high viscosity, the composite should be poured into the mould slowly 

to avoid trapping air bubbles as well as to enhance the homogeneity of the mix.  

Due to the hazardous nature of PMC 121/30 dry materials, containing 

disononyl-phthalate (5-15 % per weight) and toluene diisocyanate (<1 % per 

weight)  in part (A) and diethyl-toluene diamine (1-5 % per weight) and phenyl-

mercuric neodecanoate (0.2-0.25 % per weight) in part (B), extra precaution 

measure had to be in place prior to experiment commencing. These measures 

include Polyvinyl Chloride (PVC) gloves, good ventilation during the experiment 

as well as conducting the experiment inside a fume hood in accordance with the 

university health and safety regulations. Therefore, in-house construction of 

FTES and LTES using similar materials might be limited to the availability of 

scientific lab and required facilities.      

Another challenge that needs to be taken into account is the mould material and 

preparation. Polystyrene is the best option in terms of sourcing and laser cutting 

cost-effectiveness. However, it proved to be challenging when it comes to 

sealing. In this work, packaging tape was used to insulate the moulds inner-

rough surface. Packaging tap tape and polystyrene are not the best 

combination. Different types of tape were used to achieve good adhesion to the 

polystyrene; however, the packaging tape was the best option. The laborious 

process of sealing needs to be factored in to the process and despite packaging 

tape being the best option, the composite must be poured into the mould as 

soon as possible after sealing to avoid problems associated with degradation of 

the tape.  

Despite the achieved work presented in this chapter, there is still room for 

improvement. 3D printing could be used to fabricate the cast of the mould 

based on the required size using thin Perspex that can be cut easily afterward. 

This method has been employed in the literature (Ursani et al., 2018).  
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5.7 Conclusion: 

Based on the results from the FTES and LTES trial sample density, attenuation 

coefficient and HU, the use of PMC 121/30 Dry along with the additives proved 

to be a good option for fabricating tissue-equivalent substitutes in house with 

low cost. Calcium carbonate is produced in different purity form, and this should 

be taken into account when sourcing these materials. The phenolic 

microspheres are very sensitive to humidity and should be stored in a very well 

ventilated area and kept sealed when not in use. Due to the hazardous 

substances contained in the PMC 121/30 dry, health and safety precautions 

should be in place before conducting the experiments especially fume hood and 

PVC gloves.  

With regard to the conduct of the experiment, attention should be paid to the 

technical details as this will impact heavily on the physical and radiological 

properties as well as crudeness of the final product. This includes; good and 

short shelf storage, precise calculation and weighing of each material, sufficient 

manual mixing and controllable technique of dispensing the hardener, part (A), 

into the mix. Sealing the mould is essential unless a metal, glass or Perspex 

mould is used.  

As the fabrication of the LTES and FTES using urethane based materials (PMC 

121/30 Dry) is highly dependent on the experimenter, a sample of each 

substance should be fabricated and tested in a small scale before conducting 

the experiment in a large scale to avoid repetition of the experiment and 

doubling the cost.  

The protocol used in this study can be replicated to extend any normal weight 

phantom, such as ATOM and RANDO phantoms, into obese representative 

phantoms and conduct dosimetry as well as image quality research.      
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6 Chapter 6: Dose optimisation study 

6.1 Introduction: 

The first study in this thesis demonstrated high doses (DAP) delivered to 

patients with obesity especially in lumbar spine and abdominal radiographs. 

Dose variation was also demonstrated where DAP had moderate to poor 

correlation with BMI. This indicates that radiographers face difficulties when 

selecting the exposure factors based on the patients size and emphasizes the 

need for more dose optimisation in this group of patients specifically. Based on 

the results from the first study, the second study was conducted in an attempt to 

quantify body composition in the abdominal region in order to underpin the 

construction of representative obese phantoms. The third study was conducted 

to reflect the body composition changes reported in the second study. The 

current study aimed to conduct dose optimisation experiments to explore the 

main exposure factors that improve image quality in lumbar spine radiographs 

using the obese phantoms developed by the researcher.  

6.1.1 Overall aim 

To conduct dose optimisation experiments in order to improve image quality in 

patients with obesity 

6.1.2 Objectives 

14. To investigate the impact of different exposure factors on radiation dose 

and image quality on the most challenging body part, identified earlier 

15. To explore the change in exposure factors effects as the phantom size 

increases 

16. To produce a preliminary guiding model to predict best exposure factors in 

case of lumbar spine radiography based on patient’s size   
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6.2 Rationale for dose optimisation of Lumbar spine:  

The first chapter of this thesis showed a significant radiation dose delivered to 

patients with obesity in abdominal and lumbar spine radiographs. Such results 

indicate a clear need for dose optimisation work, especially in these two 

regions. Choosing lumbar spine radiography instead of abdomen radiography is 

attributed to different reasons, which will be discussed in the following 

paragraphs.  

In terms of frequency, lumbar spine radiography comprises 2.53 % of 231 types 

of investigations conducted in two regions in the UK; the West Midlands and the 

South West, but this is assumed to apply to the rest NHS trusts in the UK (Hart 

et al., 2010). Such a percentage suggests that lumbar spine radiography is 

considered to be the second most conducted projection radiography procedure 

in the UK (Hart et al., 2010, Chaparian et al., 2014).  

In terms of radiation dose and radiobiology, Mettler and colleagues conducted a 

review study in an attempt to report effective dose for various radiological 

investigations (Mettler Jr et al., 2008). The lumbar spine radiographs effective 

dose was the highest compared to all projection and dental procedures with 

average value of 1.5 mSv with a 0.5 mSv difference to the second highest 

procedure effective dose, the thoracic spine radiographs. In the UK, lumbar 

spine radiography contributed to the highest effective dose (0.6 mSv) compared 

to all projection radiography procedures (Hart et al., 2010). The presence of the 

most radiosensitive organs, with a tissue weighting factor of 0.12,  located in the 

main beam such as colon, stomach and lumbar spine bone marrow (Caracappa 

et al., 2009), explained the high effective dose of lumbar spine radiography.  In 

a study conducted by Chaparian and colleagues in an attempt to reduce the 

absorbed dose to various organs in abdominal, lumbar spine and pelvis 

radiograph using various projections (Chaparian et al., 2014), as shown on 

Table 30, the absorbed doses during lumbar spine procedures are at the upper 

border compared to abdominal and pelvis radiograph. 
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Table 30 Lumbar spine (AP & LAT) absorbed dose adopted and recalculated 

form Chaparian et al., 2014 

Examination RBM Breasts 

(female) 

colon lungs Ovaries 

(female) 

Prostate 

(male) 

stomach 

Abdomen 

(AP) 

0.170 0.019 1.013 0.042 0.732 0.980 1.439 

Lumbar 

spine  

AP 0.117 0.014  0.902  0.035  0.613  1.045  1.196 

LAT 0.566 0.032 0.924 0.272 0.735 0.287 0.758 

Pelvis (AP) 0.107 0.002 0.698 0.001 0.622 1.129 0.032 

RBM= Red Bone Marrow. 

Few studies of dose optimisation in obese populations have been reported in 

the literature. However, none of these studies have considered lumbar spine but 

rather focused on pelvis and chest radiography. Hence, this study was focussed 

mainly on lumbar spine radiography. 

6.2.1 Operational radiographic acquisition factors:  

In projection radiography generally, and in digital radiography specifically, 

number of interlinked image acquisition factors affect both image quality and 

radiation dose. These acquisition parameters are; tube potential (kVp), tube 

current (mA) and mAs, anode angle, focal spot size, filtration, collimation, FID, 

anti-scatter grid, object to image distance (OID) and AEC. In the next section, 

the effects of these parameters on image quality and radiation dose will be 

discussed and examples of previous studies will be given to appreciate the 

usefulness of each factor. 

6.2.1.1 Tube potential (kVp):  

This referred to the selected kVp which controls the peak potential difference 

across the cathode and anode. The greater the difference of peak potential 

inside the x-ray tube, the greater the attraction of the electron beam towards the 

anode. Additionally, this beam energy is dependent on the kinetic energy of the 

electrons as they strike the anode. Therefore, if the kVp is increased, the kinetic 

energy of the electron beam will increase. While the mean photon energy is 



 
 
 

192 
 

around 30-50 % of the photon maximum energy, this can be increased by 

increasing the maximum energy of the photon, kVp (Graham et al., 2012). The 

tube potential (kVp) mainly defines the x-ray power of penetration through the 

body part which in turns affects the image quality, contrast, and radiation dose 

(Fauber, 2016).  

As kVp is one of the main exposure parameters that affect both image quality 

and radiation dose, different studies have incorporated this parameter in similar 

dose optimisation research. A systematic review was conducted by Seeram and 

colleagues in an attempt to explore the most conducted theme of dose 

optimisation studies in digital radiography, computed radiography specifically 

(Seeram et al., 2013). Their conclusion demonstrated that kVp was the 

favoured parameter to alter in dose optimisation studies. Conflicting results of 

whether low or high kVp is better in optimising image quality have been 

concluded by Seeram and colleagues. Geijer and colleagues investigated the 

optimal exposure setting on lumbar spine radiographs using CDRAD contrast-

detail phantom and the resulted exposure techniques were implemented to 

visual grading analysis of an Alderson phantom (Geijer et al., 2009). They found 

that a lower tube potential of 60 kVp produced better image quality with no 

increase in effective dose compared to the default setting of 70 kVp. They also 

found that 66 kVp, which is still lower than the default 70 kVp, gives the lowest 

dose without image quality deterioration. Similarly, Alzyoud and colleagues 

found similar results with low kVp being the favourable parameter in producing 

the best image quality in pelvis radiography even with large thickness (Alzyoud 

et al., 2018). Similar studies investigated the impact of kVp on chest (PA) image 

quality and radiation dose using both CR and DDR system (Compagnone et al., 

2013, Tingberg and Sjöström, 2005). Their findings supported the theory of 

using low kVp to enhance the image quality while reducing the radiation dose. 

Other studies have found that a high kVp is better in producing diagnostic 

image quality with low dose (Brindhaban et al., 2005). They investigated three 

tube potentials using two different CR systems. Their results demonstrated 

radiation dose reductions of 25 % and 50%, can be achieved with no 

statistically significant decrease in visual image quality when increasing kVp. 

Likewise, Moey and colleagues found similar results; i.e. high kVp being a 
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better choice in terms of abdomen and lumbosacral (AP) radiographs (Moey 

and Shazli, 2018). However, they measured the ESD which will be reduced 

when higher kVp is used.  

Based on the discussion above, it is clear that kVp is playing a major role in 

radiographic optimisation. With the kVp being affected by different factors such 

as the body part thickness, tube current and types of detectors, and affecting 

radiation dose and image quality on different levels, based on the value used to 

measure dose and image quality, it is of importance to investigate its impact in 

the context of this project.  

6.2.1.2 Tube current and tube current-exposure time (mA & mAs) 

Tube current describes the quantity of x-ray beam (mA), and mAs the number 

of photons in the x-ray beam per unit of time (Bushberg and Boone, 2011). 

Doubling the mA doubles the number of photons in the beam and the beam 

intensity will increase. This will have a direct impact on patient dose in a linear 

model. It can be measured in seconds or milliseconds but abbreviated with 

letter “s” in both cases. Since mA controls the number of photons more than the 

penetration power, it determines the x-ray quantity travelling through the patient 

and hitting the detector impacting on both patient’s dose and the image signal to 

noise ratio (Carver and Carver, 2012, Carroll, 2007).  

As mAs consists of two factors, rate of the flow of charge and the exposure 

time, to achieve optimum image quality, there should be an adjustment between 

these two factors. A high mA with short exposure time is preferred in order to 

avoid motion artefact and image blur. However, a very short exposure time in a 

procedure where high tube current is needed for perhaps a thicker body part, 

may reduce the life expectancy of the tube as a result of the high temperatures 

generated in a very short time (Bushberg and Boone, 2011, Carlton and Adler, 

2012).  

6.2.1.3 Angle of anode target: 

Inside the x-ray tube, the electron beam is directed from the cathode towards a 

focal spot on the anode as illustrated in Figure 31. As the electrons strike the 

tungsten anode, Bremsstrahlung and characteristic emissions occur based on 
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the electron energies (Poludniowski et al., 2009). Based on the anode angle, 

the projected focal spot size is determined. The relationship between the anode 

angle on the one hand, and the focal track width and tube loading on the other, 

is an inverse one. Therefore, if the anode angle is small, then the focal track will 

increase as well as the tube load (Bushberg and Boone, 2011, Dowsett et al., 

2006). However, the anode angle, ranged between 7° and 20° with 12° to 15° 

most common, is pre-set by the manufacturer, based on the modality 

applications, and unchangeable (Bushberg and Boone, 2011). Figure 31 

illustrates this.    
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Figure 31 Anode angle 

 

 

 

 

 

 

 

 

 

 

 

6.2.1.4 Focal spot size: 

This represents the anode area where electron bombardment happens. It is 

often defined and described as the “line focus principle” (Ball et al., 1997). This 

principle defines the relationship between the actual focal spot and the effective 

focal spot (Dendy and Heaton, 2011). The former relates to the actual line in the 

anode bombarded with electrons, being determined by the filament size of the 

cathode, while the latter refers to the estimated focal spot as determined by the 

angle of the anode (Fauber, 2016).  

Two sizes of focal spot are usually available fine and broad, with fine typically 

between 0.5 and 0.6 mm, and broad between 1 and 1.2 mm. The focal spot size 

can be altered through altering the size of the active filament in the cathode that 

produces the electron beam (Fauber, 2016). The focal spot size will impact on 

the geometric unsharpness of the image in proportional relationship (Dendy and 

Heaton, 2011).  

Several studies have considered focal spot size and it is effect on image quality 

in different procedures (Al Qaroot et al., 2014, Kei et al., 2014, Gorham and 

Brennan, 2010). All studies concluded that there were no significant differences 
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between large and small focal spot size on image quality even in extremities 

procedures, where it is common practice to select a small focal spot in order to 

improve the visualisation of bony trabecular patterns by reducing geometric 

unsharpness.  

6.2.1.5 Anode heel effect: 

This phenomenon is related to the reduction in intensity of the x-ray beam at the 

anode. It is caused by the attenuation of the beam travelling through the anode 

itself due to the anode angle (Carlton and Adler, 2012). The beam intensity 

difference between the cathode and anode is around 45 % as shown in  Figure 

32.   

 

 Figure 32 X-ray beam intensity difference between the cathode and anode  
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In the literature with regards to the lumbar spine radiography, some studies 

have tested the best use of anode heel effect and its impact on reducing 

radiation dose while maintaining the image quality. Fung and Gilboy have 

investigated the impact of anode heel effect on lumbar spine radiographs in an 

attempt to find the best orientation (Fung and Gilboy, 2000). Using a Rando 

phantom with TLDs inserted inside the most sensitive organs; ovaries, breast, 

testes, thyroid and eyes, they found that the head of a female patient can be 

placed towards the cathode end of the tube in order to make use of the anode 

heel effect. This is due to the significant reduction in radiation dose to ovaries, 

2259 µGy with head towards the cathode compared to 2644 µGy when placed 

towards the anode. For male patients, the benefits are less as the dose 

received by testes is very small, 30 µGy. Similar results have been reported by 

Ben-Shlomo and colleagues using PCXMC (Ben-Shlomo et al., 2017). Other 

studies have tested the anode heel effect in pelvis and thoracic spine 

procedures. Mraity and colleagues investigated the anode heel effect in pelvis 

radiography and found a significant dose reduction when the patient’s head was 

placed towards the cathode in males, while negligible benefits were found in 

females (Mraity et al., 2017). In thoracic spine radiography, findings suggested 

that where the head is positioned towards the anode, radiation dose is reduced 

by 98% compared to head towards cathode (Ben-Shlomo et al., 2013). 

6.2.1.6 Tube filtration: 

After electron beam bombardment on the anode, x-rays are produced and 

projected outside the x-ray tube. The x-ray beam energy is heterogeneous 

ranging from 10.2 KeV to the maximum tube potential selected prior to the 

exposure (Fauber, 2016). The x-ray beam travels through a variety of essential 

parts on its way through the tube. These include the window of the x-ray tube, 

housing oil, field light mirror, the collimator assembly and any other essential 

enclosure for the tube (Bushberg and Boone, 2011). As a result, the x-ray beam 

is attenuated especially those x-rays in the spectrum below 15 KeV (Bushberg 

and Boone, 2011). This filtration is known as the inherent filtration and usually 

ranges between 0.5 and 1.0 mm of aluminium equivalent (Carroll, 2007). Whilst 

this type of filtration cannot be controlled it is essential that it is factored in to 

any exposure and dose calculations.  
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Other parts of the beam with low levels of energy need to be stopped before 

reaching the examined part as they will ended up being absorbed by the tissues 

and contribute to the patient dose significantly whilst making no useful 

contribution to the image (Fauber, 2016). To achieve this, sheets of metal, 

usually made from Aluminium or Copper, are added intentionally into the beam 

to absorb low energy x-rays. This is known as added filtration.  

Another type of filtration, called compensating filtration, is used on occasions 

where the beam intensity needs to be altered in order to produce a consistent 

exposure to the detector (Bushberg and Boone, 2011). An example of this type 

of filtration is trough filtration which is used in chest radiography (Bushberg and 

Boone, 2011). It has low thickness in the middle of the field to compensate for 

the high attenuation by the sternum.  

Different studies have incorporated these parameters in dose optimisation 

studies. For example, Ekpo and colleagues studied the impact of additional 

Copper filtration (Cu) on chest (PA) image quality using a digital radiography 

system (Ekpo et al., 2014). They concluded that effective dose was reduced by 

36.6% when using 0.3 mm Cu with no deterioration in SNR. Higher Cu filtration 

of 0.5 mm shows greater dose reduction (39.7%) but SNR decreased as well. 

Other studies demonstrated similar results emphasising the importance of 

filtration in dose optimisation (Brosi et al., 2011, Mraity et al., 2018). 

6.2.1.7 Collimation: 

Collimation is the process of restricting and confining the x-ray beam to a given 

area (Miller-Keane, 2003a). Collimation is an integral tool that can be used by 

the radiographer to eliminate unnecessary radiation and reduce scattered 

radiation. With regard to this, applying the correct collimation is crucial in digital 

radiography as image receptors are very sensitive to low radiation energy 

(Herrmann et al., 2012). In the case of patients with obesity, collimation is even 

more essential as the scattered radiation is thickness dependent. Proper 

collimation will reduce image quality deterioration resulting from scattered 

radiation, and reduce the patient dose by avoiding irradiated tissues.  

In digital radiography systems, electron masking software is used in image 

cropping but collimation is not. The idea of electronic masking is to recognise 
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the borders of the exposed area of the image detector as the unexposed area 

outside the collimation usually has a bright appearance, hence, the software 

reduces eye strain through cropping of the image (Herrmann et al., 2012). 

However, the electronic masking does not replace the function of collimation, as 

the literature reported misuses of it leading to unjustified and significant 

radiation dose to patients (Karami and Zabihzadeh, 2017, Tsalafoutas, 2018). 

Therefore, manual collimation when applied prior to the radiographic procedure 

remains a more effective means of radiation dose reduction. Fauber and his 

colleagues conducted research to investigate the impact of limiting the field size 

during lumbar spine imaging (Fauber and Dempsey, 2013). They decreased the 

field size from 35 x 43 cm to 20 x 43 cm while increasing the mAs to maintain 

exposure to the detector. They found a statistically significant reduction in 

radiation dose, (>60%), especially in organs further away from the lumbar 

spine.    

6.2.1.8 Source to image distance (SID)   

This refers to the distance between the x-ray source and the receptor. Based on 

the inverse square law; where the intensity of the x-ray beam decreases as the 

square of the SID increases, hence, the patient radiation dose will decrease, 

although the inverse square law assumes a point source for the x-radiation. 

However, as the SID increases, the radiation field divergence increases and the 

intensity of the x-rays reaching the detector decreases which will impact 

negatively on image sharpness (Graham et al., 2012, Fauber, 2016, Lanca and 

Silva, 2012). 

Different studies have investigated the impact of SID increase on image quality 

as well as radiation dose in different procedures (Brennan and Nash, 1998, 

Heath et al., 2011, Grondin et al., 2004, Joyce et al., 2013, Karami et al., 2017). 

All studies have demonstrated dose reduction while maintaining the image 

quality.   

6.2.1.9 Anteroposterior and posteroanterior projection:  

Based on the text books most commonly utilised by radiographers (Bontrager 

and Lampignano, 2013, Davey and England, 2015), together with accepted 

practice in radiology departments, the most favoured and commonly undertaken 
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view for imaging the lumbar spine is the anteroposterior (AP) view on the 

grounds that magnification unsharpness is minimised and therefore image 

quality optimised. However, new literature has emerged suggesting that a PA 

projection might reduce absorbed and effective doses of lumbar spine 

radiographs. The idea behind this new approach is that PA is favourable over 

AP in procedures where radiosensitive organs lie close to the anterior surface 

(Martin, 2007a). This eventually will reduce the absorbed dose as more x-rays 

will be attenuated on their way towards the detector and the sensitive organs 

away located away from the radiation entrance side.  

Davey and England studied this phenomena and its impact on effective dose 

and image quality in lumbar spine radiography (Davey and England, 2015). 

They found a 20% reduction in effective dose with minor but not significant 

reduction in image quality compared with the AP projection. Similar results were 

found in abdomen radiography where a PA projection, taken with the patient 

prone, reduces the entrance surface dose in different BMI groups (Ismail et al., 

2017). 

6.2.2 Object-to-image distance (OID)  

This technique, also called the “Air gap technique”, is another form of scattered 

radiation reduction which in this case improves image quality. The principle of 

OID is based on creating a distance between the exit side of the examined body 

part and the image receptor in order to reduce of the amount of scattered 

radiation hitting the detector with consequent degradation of image quality as 

image contrast increases as the scattered noise is decreased (Bushberg and 

Boone, 2011). In lateral cervical spine imaging, the airgap is unavoidable due to 

the position of the shoulder which prevents close positioning of the image 

receptor to the cervical spine, consequently the SID must be increased in order 

to reduce magnification unsharpness. However, in other procedures this 

technique is not applied but some studies have shown its role in optimising 

image quality. One study conducted by Lanhede and co-authors measured the 

effect of air gap in chest and lumbar spine radiographs (Lanhede et al., 2002). 

They compared two scatter radiation reduction techniques, anti-scatter grid and 

air gap technique, and measured the image quality visually and radiation dose 



 
 
 

201 
 

using ESD. They found that air gap resulted in lower ESD dose but no 

statistically significant difference between the two techniques in image quality. 

Similar results have been demonstrated in lumbar spine and pelvis radiography 

(Chan and Fung, 2015a, Chan and Fung, 2015b). However, the design of x-ray 

systems used in clinical practice nowadays do not facilitate alteration of OID, 

although this could be implemented in erect positioning where the patient may 

be able to stand away from the Bucky to increase the OID.   

6.2.2.1 Anti scatter grid: 

As the name suggests, the main task of an anti-scatter grid is to eliminate the 

scattered radiation exiting the examined body part towards the detector. It 

comes in the form of a flat device comprised of precisely engineered lead strips 

with a specific thickness and height that are separated by radiolucent interspace 

materials (Seibert, 2008). Different grid types are characterised by their 

specification. The alignment of the lead strips can be either parallel or focused 

(i.e. angled), and the grid can be either stationary or moving (Zarnoch and 

Guida, 1996). Stationary grids can be placed between the examined body part 

and the detector. In the case of the moving grid, the grid is placed in a 

mechanically moving device, called a Bucky, which moves during the exposure 

to blur the shadows of the grid stripes to avoid grid artefact (Cowen et al., 

2008).  

As the scattered radiation passes through the grid, it will be absorbed by the 

lead strips. This will improve the image quality by reducing the noise in the 

image. Due to the high sensitivity of CR and DR systems to low energy 

scattered x-ray photons, using an appropriate anti-scatter grid in these systems 

is essential (Cowen et al., 2008). However, a higher acquisition dose is required 

(by a factor of 2 or 3) compared to similar images acquired without an anti-

scatter grid (Uffmann and Schaefer-Prokop, 2009). This is attributed to the fact 

that anti-scatter grids permit transmission of the primary beam but some of this 

beam is absorbed along with the scattered radiation (Cowen et al., 2008, 

Holmes et al., 2013, Rana et al., 2016).  
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6.2.2.2 Automatic exposure control (AEC) 

AEC uses ionisation chambers incorporated into the image receptor. Their main 

task is to automatically terminate the exposure when sufficient signals have 

reached the detector (Doyle, 2009). This allows the imaging system to control 

exposure time and produces images with consistent quality for different patient 

thickness, different body parts and with different tube potential using exposures 

near the optimum (Herrmann et al., 2012).  

In modern x-ray units, three ionisation chambers are usually utilised in the 

cassette tray between the examined body part and detector panel (Roberts et 

al., 2006). Figure 33 illustrates the orientation of AEC ionisation chambers 

typically used in digital radiography. Based on the procedure, the radiographer 

can choose the appropriate chamber/s in order to ensure a coverage of the 

anatomy of interest (Manning-Stanley et al., 2012, Geijer and Persliden, 2005).  
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Figure 33 Automatic Exposure Control (AEC) ionisation chambers orientation in 

digital radiography detector 

                                                                                                             

 

 

 

 

 

                                                    

     

Different ionisation champers are illustrated in Figure 33 where the radiographer 

can choose the most suitable chamber/s based on the conducted procedure 

and the region of interest.                                                      
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Two conditions should be met by the AEC in order to work properly; calibration 

and positioning (Williams et al., 2007). Inaccurate positioning of the selected 

ionisation chamber will lead to over or under exposure radiograph as this 

depends on the density of the area over the selected chambers. Different 

studies have investigated the importance of the correct combination and 

positioning of AEC chambers and their role in dose reduction (Moore et al., 

2016, Manning-Stanley et al., 2012, Hawking and Elmore, 2009). In lumbar 

spine radiography, the middle AEC ionisation chamber is usually selected 

(Hawking and Elmore, 2009).  

However, other studies have investigated the impact of manual and AEC mode 

on image quality and radiation dose. For instance, Reis and colleagues 

compared the manual and AEC mode effects on image quality and effective 

dose in chest radiography (Reis et al., 2014). Using an anthropometric phantom 

with and without inserted lesions, the image quality was assessed visually while 

the effective dose was calculated using PCXMC. They found that selecting 

manual mode achieved a lower effective dose in general, but accurate selection 

of AEC chambers scored the lowest effective dose suggesting that the AEC 

would be beneficial only if selected and positioned accurately based on the 

examined body part. 

6.2.3 Image quality assessment: 

Having discussed the factors that impact on image quality and radiation dose, it 

is essential to discuss the methods of assessing the image quality. In this 

section, principles of different image quality assessment tools will be discussed, 

including each tool’s strengths and limitations as well as justifying the use of 

specific tools used in this study.   

According to the ICRU,  

“image quality in medicine must be judged in terms of the extent to 

which a class of images allow real observers, such as radiologists, 

to correctly determine each patient’s state of health or disease” 

(ICRU, 1995, p. 23). 
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The medical image transfers to the radiologists or reporting radiographers in 

two consecutive steps; data acquisition and image formation, and image 

processing and display. The first step is dependent heavily on the physical and 

technical features of the imaging system as well as the skill of the radiographer 

operating it. The second step relies on the observer and his ability to detect 

abnormalities and interpret the anatomical structures in the produced image 

(Månsson, 2000). The image quality should be appraised at each step. For 

assessment of the imaging system physical parameters can be used.  In terms 

of the displayed image, observer performance assessment can be used based 

on whether the image is phantom or patient based.  

In the next subsections, both physical and observer assessments will be 

discussed with more details in the tools used in this study and the justification 

behind their application.  

6.2.3.1 Physical assessment (objective): 

This is defined as the measurements that describe the physical characteristics 

as well as the overall performance of the imaging system (Alsleem and 

Davidson, 2012).  There are various measurements that fulfil this purpose such 

as Signal to Noise Ratio (SNR), Contrast to Noise Ratio (CNR), Detective 

Quantum Efficiency (DQE) and Modulation Transfer Function (MTF). All of 

these measurements are essential in testing instrumentation performance, 

however, they do not relate to all components of the imaging chain (Båth, 2010, 

Sund et al., 2004). Additionally, a review conducted by Tapiovaara, in an 

attempt to study the link between physical and observer assessment, concluded 

that physical measurement cannot replace the observer opinion on suitability of 

clinical image (Tapiovaara, 2008). The result of the review along with the 

statement quoted earlier from the ICRU emphasised the non-effectiveness of 

physical measures in judging the image quality.  

However, SNR and CNR have been used extensively in similar types of studies 

for the purpose of identifying a reference image that can be used as a 

comparator in visual assessment. Additionally, they usually correlated with the 

visual assessment in order to support the result of such subjective assessment.  
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6.2.3.1.1 SNR  

This physical measurement is a generic term; it measures the ratio of signal, 

which reflects true anatomy, to the noise. SNR is considered as one of the 

simplest measures used to define an object visibility in the image (Lanca and 

Silva, 2012). According to Arnold and Scheibe, SNR can be calculated as the 

mean signal of the foreground divided by the signal standard deviation of the 

background, SNR = S1/σ, where S1 is the foreground mean signal values, and σ 

is the standard deviation of signal value in the background (Arnold and Scheibe, 

1984). The use of SNR in digital radiography is widely practiced since the main 

determinant of image quality is the level of noise (Launders et al., 2001, Doyle 

et al., 2005, Ekpo et al., 2014, Tugwell et al., 2014). 

However, SNR has always been a controversial measure. For instance, the size 

of the object under investigation is not taken into account when measuring the 

SNR, hence, this usually results in low correlations with visual assessment 

(Alsleem and Davidson, 2012). Additionally, in clinical practice, a radiologist is 

familiar with the texture of the background of a radiographic image which might 

be influenced by anatomical, detector or system noise (Båth, 2010, Seeram et 

al., 2014). However, the SNR is based on quantum noise, which is a 

representative of photon density at the detector (Båth, 2010). Therefore, 

employing the simple description of noise used in SNR, i.e standard deviation of 

signal values, is far too basic for an observer who is more sensitive to the noise 

texture (Mraity et al., 2016). Additionally, high SNR does not always mean a 

good image quality as an overexposed radiograph will contain high SNR but 

offer no diagnostic information since noise degrades the image (Vladimirov, 

2010, Lyra et al., 2010).  

Based on the above discussion, SNR is a valuable physical measure to 

appraise the performance of an imaging system, however, it should be treated 

with caution when used in relation to visual assessment (Båth, 2010).  

6.2.3.1.2 CNR 

Another form of physical assessment of image quality is the CNR. Unlike the 

SNR, CNR reflects the difference of signal intensity between the foreground and 
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surrounding background, CNR = S1 – S2 / σ, where S1 is the mean signal 

intensity value in the foreground, S2 is the mean signal intensity value in the 

background, and σ is the standard deviation of the signal values in the 

background (Dendy and Heaton, 2011). For this reason, CNR provides superior 

information on object visibility and differentiation between structures to SNR as 

it considers both noise and contrast.   

However, both SNR and CNR can be used to support the visual assessment 

but not to replace it as in clinical practice the final decision will be based on the 

observer, the reporting radiologist/radiographer’s, assessment (Båth, 2010). 

6.2.4 Visual measurement: 

This approach is observer based and can be divided into two categories based 

on the assessed features and whether the purpose is lesion detection or normal 

anatomical visualisation. In this thesis, all images are phantom based and the 

visualisation of normal anatomical structures is the main task. Therefore, types 

of visual grading that concern normal anatomy structure assessment will be 

discussed.  

6.2.4.1 Fulfilment of image criteria (IC) 

The European Commission image quality criteria, can be used to conduct IC 

assessment. In this task, the observer is presented with the image along with 

the relevant CEC image quality criteria. The duty of the observer is to state 

whether the criteria are fulfilled or not (Tingberg, 2000).   

The IC score (ICS) is then calculated as the ratio of fulfilled criteria to the sum of 

criteria assessed (Lanhede et al., 2002). This approach has the advantage of 

using parametric statistics as the ICS, which is a proportion of the fulfilled 

criteria, is the average of the variable that can take the value of one or zero 

(Bath and Mansson, 2007). For this reason, the mean is normally distributed for 

a large sample based on the central limit theorem (Altman, 1991).  

Due to the absence of soft transition from not fulfilled to fulfilled, this may cause 

some dilemma for the observer regarding the fulfilment of criteria when the 

reproduction of the criteria is close to the threshold of the observer (Bath and 
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Mansson, 2007). Additionally, how far the decision threshold from the 

reproduction is not considered in this approach, this will cause difficulties in 

interpreting the ICS results (Bath and Mansson, 2007).  

6.2.4.2 Visual Grading Analysis (VGA): 

In this approach, the observer is presented with the image along with the image 

quality criteria, CEC for instance, in order to let the observer grade the visibility 

of each structure stated in the image quality criteria (Bath and Mansson, 2007). 

This approach is common in studies where the main task is to assess the 

visibility of normal structures and can be used in studies where the main task is 

pathology detection, as there is a strong correlation between normal structure 

visibility and pathology detection (Sund et al., 2004, Herrmann et al., 2000). The 

VGA can be conducted in one of two ways; either absolute or relative VGA. The 

absolute scale uses terms like “not visible”, “poorly visible”, “adequately 

reproduced” and “very well reproduced” when assessing each criterion of image 

quality (Seeram et al., 2014). The case is different in the relative VGA, where 

the observer is asked to grade the visibility of anatomical structures against a 

reference image using a Likert scale of 5 or 3 points (Sund et al., 2004). This 

can be achieved using 2 alternative forced choice (2AFC). 2AFC is a 

psychological method used to demonstrate how efficient an observer is in 

identifying small differences between multiple visual or physical stimuli such as 

a lesion or different level of noise (Wallraven and Cunningham, 2011). This 

approach is considered to be less biased and very sensitive to subtle noise 

differences between two images.   
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6.3 Methods and materials: 

In this section, detailed description and justification of methods employed to 

accomplish the research’s aims and objectives will be presented. A brief 

overview of the chapter will provide the reader with an outline of the research 

method used and the justification for method selection. The main method and 

utilised tools will then be discussed more in depth along with the employed 

imaging technique. The study design and its framework will be presented with 

justification of each dependant and independent variables that has been 

encountered in this study. Finally, the statistical analysis of the data will be 

defined and the utilised analysis software will be discussed.  

6.3.1 Overview:  

The study aimed to investigate the impact of multiple independent variables on 

different dependant variables in order to optimise the image quality and 

minimise the radiation dose. An experimental approach was deemed to be the 

most beneficial and applicable. This is attributed to the fact that experimental 

approach provides the researcher with more space to isolate and control every 

relevant independent variable that determines the investigated dependant 

variable (Walliman, 2017). Implementing an experimental approach also 

increases the validity and reliability of the study by facilitating more control over 

all variables and reduces the subjectivity bias.  

The main aim of the study is to investigate how image quality can be improved 

in obese populations. The secondary objectives are to investigate the 

relationship between image quality, radiation dose and phantom size. Finally, to 

produce prediction models that can be used in clinical practice to aid the 

radiographer to select the exposure factors based on patient size.  

In order to accomplish these objectives, the implemented method utilised 

imaging a KYOTO anthropometric phantom and a series of phantoms 

representing different BMI groups that have been extended from the KYOTO 

normal weight phantom. This permitted multiple exposures to be conducted 

which would have been ethically, legally and morally unachievable on humans. 

Lumbar spine (AP) was the procedure investigated. All exposures were 
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conducted using a ceiling suspended x-ray system in a medical imaging lab at 

the University.  

Tube potential, SID and filtration were used as independent variables to 

evaluate their individual and combined effects across different levels on 

radiation dose (DAP) and image quality (VGAS). Based on the numbers of 

independent variables (factors) and the levels across each factor, and in order 

to treat these factors separately and combined to fully understand their impact 

of the dependant variables (outcomes) i.e DAP and VGAS, the factorial design 

was deemed to be the most suitable design. Hence, this design was 

implemented across all phantoms with different size.  

In order to conduct the VGAS, a reference image had to be chosen prior to the 

visual assessment. The reference image was selected based on the average 

SNR. For each phantom, a reference image was selected and the remaining 

images were scored by two experienced reporting radiographers using Relative 

Visual Grading Analysis (RVGA) method with five point Likert scale and the 

CEC image quality criteria. The SNR and CNR were calculated using ImageJ 

software. The radiation dose utilised in this thesis was the DAP reported directly 

by the integrated DAP reader in the x-ray unit. All generated data were primarily 

quantitative enabling meaningful data analysis.  

The data were analysed descriptively to illustrate the spectrum of DAP, VGAS 

and CNR across all phantoms. Main and interaction effects were also used to 

investigate the impact of factors on the outcomes individually and in 

combination. Using FOMVGAS, a prediction model for the mAs based on the 

phantom’s thickness was generated. 

6.3.2 Imaging equipment: 

All equipments that were used in this study have had the usual quality control 

check prior to the experiments. The check usually carried out by Siemens 

engineer and in accordance with the manufacturer specification and the IPEM 

recommendations.  
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6.3.2.1 X-ray unit: 

The dose optimisation experiments were conducted in the medical imaging 

laboratory at Exeter University. The x-ray equipment used was a ceiling 

suspended Multi Fusion Max Siemens unit (Siemens Healthcare, Germany) 

used mainly for teaching and research. The unit has a high-frequency 

generator, 80 kW, with total filtration of ~2.5 mm Al equivalent and 1 mm broad 

focal spot. The anode angle in this unit is 12°. 

The reciprocating anti-scatter grid used has 10:1 ratio, 50 lines/cm frequency 

with focussed lead strips (JPI Healthcare Co.,Ltd, Korea). This grid was the only 

one used in this study, and it has a focal distance of 115 cm.  

The tube is equipped with a CAREMAX DAP reader measuring the dose area 

product (DAP) with up to two digits after the decimal.  

The x-ray unit had all quality control (QC) assessments conducted periodically 

by a Siemens engineer. The system was commissioned in June 2015, and used 

only for teaching and undergraduate projects.  

6.3.2.2 Image receptor:  

A wireless flat panel detector made of Amorphous Silicon with TFT/PIN diode 

technology with a conversion screen Czl, DRZ+ was used 

(PaxScan4336W,Varian Medical Systems, Salt Lake City, UT, USA). The 

detector area is 35 x 43 cm2 with a pixel matrix of 3072 (v) x 2.476 (h) and pixel 

pitch of 139 µm.  A Lithium-lon made battery powers the detector with a 

capacity of 14.8 – 2.1 Ah, 31.1 Wh and runs for up to 3.5 hours (Electrochem 

Solutions, Inc. USA). A signal of battery life exhibits in the main workstation 

screens, to maintain good wireless signal output and reduce detector efficiency; 

the battery was replaced every time the first alert of low battery signal was 

indicated on the screen. The same image receptor was used throughout the 

study to maintain consistency in sensitivity and reduce bias.  

6.3.2.3 Phantom: 

A sectional torso anthropometric phantom (KYOTO PBU-50) was used for 

image acquisition, which has been used in the literature (Alukic et al., 2018). 
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The KYOTO phantom is made of urethane-based resin to form soft tissue, 

kidneys and liver, and epoxy resin based synthetic bone. It comes in a whole 

body phantom including head, torso and extremities with height of about 1.65 

(m) and 50 (kg) weight. The BMI of the phantom is about 18.3 kg/m2. Using the 

FTES and LTES layers developed in the third study, the KYOTO phantom, torso 

section, was extended to four obese phantoms representative for body 

composition of 29, 38, 42 and 46 BMI.  

In order to extend the KYOTO into obese phantom with BMI of 29 kg/m2, a 

FTES layer weighing 9.3 kg was added to the anterior aspect of the KYOTO 

phantom. For the 38 BMI phantom, another FTES layer, weighing 9.3 kg, was 

added posteriorly along with two layers of LTES weighing 3.9 kg in total, added 

anteriorly and posteriorly. For the 42 BMI phantom, an FTES layer weighing 

3.75 kg along with LTES layer weighing 1.9 kg anteriorly. Finally, for the 46 BMI 

phantom, an FTES layer, 3.75 kg, along with LTES, 1.9 kg, were added 

posteriorly. Figure 34 shows all phantoms used with their characteristics in 

Table 31. 
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Figure 34 phantoms used in dose optimisation study 
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Table 31 phantom characteristics 

Phantom  BMI 

(kg/m2) 

AP 

Thickness 

(cm) 

FTES LTES LTES, FTES 

calculated 

Added  Total  Added  Total  FTES LTES 

Phantom (1) 18.3 19.6 0  

 

3.40 0 14.19 3.40 14.19 

Phantom (2) 29 23.6 9.30 12.70 0 14.19 13.48 14.19 

Phantom (3) 38 30 9.30 22.00 3.80 17.99 21.99 17.73 

Phantom (4) 42 32.5 3.75 25.75 1.90 19.89 25.72 19.51 

Phantom (5) 46 34.7 3.75 29.5 1.90 21.79 29.49 21.29 

FTES: fat tissue equivalent substitutes  
LTES: lean tissue equivalent substitutes  
Calculated: amount calculated based on the prediction models developed in the 
first study 
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6.3.2.4 Display monitors and lighting:  

Two RadiForce GS320, 21.3 inch, 3MP monochrome liquid crystal (LCD) 

monitors were used in this study to display the acquired images for both visual 

and physical images quality assessment purposes. The native resolution of 

each monitor is 2048 x1536. These monitors are generally used for image 

interpretation research and have a specifications that meet the requirements for 

diagnostic display devices as recommended by the Royal College of 

Radiologists (RCR, 2012). Additionally, all monitors were calibrated for Digital 

Imaging and Communications in Medicine (DICOM) grayscale standard display 

function in order to meet the RCR requirements (RCR, 2012).   

The lighting intensity was kept at reduced and consistent ambient level through 

all sessions of visual image quality assessment task for both observers, 60 lux 

measured using Light Meter App. This is to fulfil the European Guidelines on 

Quality Criteria for diagnostic radiographic images (Blanc, 1998). The room, 

where the task was conducted, has no windows, which will alter the lighting 

condition on different time of the day; hence, the observers were free to do the 

task at their convenience at any time of the day. No eye test was conducted 

before the task for any of the observers; however, both observers wear glasses 

during the task.  

6.3.3 Imaging technique:  

The KYOTO phantom was extended into four obese phantoms with different 

BMI and thickness all of which were used in this study. When referring to 

“phantom” in this section, this applies to each phantom. 

The phantom was positioned on the x-ray table-top as for a standard lumbar 

spine (AP) examination (Bontrager and Lampignano, 2013). The median 

sagittal plane was parallel to the midline of both table top and the bucky. The 

vertical central ray was centered at the lower costal margin in the midline at L3 

in line with the literature (Davey and England, 2015). The centring point was 

marked with a blue marker to improve consistency across all phantoms. 

However, as the FTES and LTES layers were added to the anterior aspect of 
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the KYOTO, the KYOTO phantom would move and the centring point had to be 

set at the beginning of every exposure.   

For all exposures, the collimation was adjusted to include twelfth thoracic 

vertebra (T12) superiorly and the sacroiliac joint inferiorly. This was essential in 

order to control the radiation dose and image quality. The field size impacts on 

radiation dose and, for the DAP readings to be comparable across the different 

techniques, the field size had to be fixed. Additionally, this would enable scatter 

radiation resulting from field size to remain constant (Fauber, 2016). 

In order to improve tube output consistency through each set of phantoms, the 

exposures were conducted for each phantom in one day. Two to three minutes 

interval between each exposure was kept throughout the study to avoid tube 

heating.  

For each phantom, the images were coded based on excel sheet and phantom 

number codes. The code of each image was placed at the top left corner after 

making sure that it would not obscure any assessed features of the image. For 

each phantom, the exposures were conducted in batches of SID set.  

6.3.3.1 Study design: 

As discussed in the literature of this chapter, many factors have an impact on 

image quality and radiation dose in radiography in general and in lumbar spine 

radiography specifically. In dose optimisation studies, usually one factor or 

parameter is varied at a time while other factors are constant as the literature 

showed (Alzyoud et al., 2018, Davey and England, 2015, Tugwell et al., 2014). 

However, considering one factor only at a time will restrain the possibility of 

identifying the effect of the interaction that might be happening between all 

possible factors (Cochran and Cox, 1950). In order to overcome this limitation of 

one factor at a time design, one way is to conduct a factorial design experiment 

(Cochran and Cox, 1950). In this design, two or more factors with multiple levels 

in each factor, for example; kVp (70, 80, 90,), SID (100, 110, 120) and 

orientation (PA and AP), are crossed against each other resulting in all factors 

crossed with each other on all levels (Montgomery, 2017). This results in testing 

all possible combination of factors across all level. The formula used to 
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calculate the outputs of a factorial design study is the sum of multiplied nk, 

where “n” is the level, and “k” is the factor.  

Up until 2000, this approach of study design was not commonly implemented in 

radiography (Wise et al., 1999, Norrman and Persliden, 2005). However, there 

is growing popularity for this design in studies concerning dose optimisation, 

and some recommend this approach in similar research in children especially 

(Matthews and Brennan, 2009, Al Qaroot et al., 2014, Grondin et al., 2004, Båth 

et al., 2005).  

In this study, this approach was applied using the formula nk, where n refers to 

the levels (kVp: 6 levels, SID 3 levels and filtration 4 levels) and n to the factors 

(kVp, SID and filtration in this study). Implementing the factorial design allows 

investigating the effects of all factors, individually and combined, on different 

outcomes including radiation dose (DAP) and image quality (VGAS). 

Based on this, the factorial design was considered in this study. Including all of 

the factors that have been discussed in the literature, and have an impact on 

radiation dose and image quality, was thought to be impossible. The reason 

behind this is the large number of images that will be produced. Table 32 

illustrates this clearly. Producing 960 images for each phantom, 4800 images 

for all phantoms, will not be possible based on the resources and the timeline 

available to the researcher.  

If 4800 exposures were conducted, with 2 minutes interval between every two 

exposure to avoid x-ray tube heat, a total 240 hours would be needed to 

accomplish the exposures. This is equivalent to eight hours continuous 

exposure work for a month, including the weekends. The challenge is not just in 

image acquisition but also in image quality assessment as they will need around 

40 days of continuous work for eight hours a day. For these reasons, a decision 

had to be made of which factors to include.  
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Table 32 Images of each phantom if all technical factors were considered in the 

factorial design 

 Factor (k) Level (n) Ʃ = n1k x n2k x n3k x n4k x n5k x n6k 

kVp 6 (70, 75, 80, 85, 90, 95) n1k  = 6 

SID 5 (100, 110, 120, 130, 140) n2k  = 5 

Filtration  4 (0.0, 0.1, 0.2, 0.3) n3k = 4 

Orientation  2 (FTA, FTC) n4k = 2 

Projection  2 (PA, AP) n5k = 2 

Focal spot 

size 

2 (fine, broad) n6k = 2 

Total number of images for every phantom 960 images 

 

From the clinical perspectives, some of these factors are hard to implement or 

not possible in patients with obesity. For example, PA and AP orientation 

cannot be applied in the case of obese patients as this group of patients tend to 

have difficulties in positioning (Woods et al., 2016).  

6.3.3.2 Radiation dose: 

The radiation dose unit used in this study is the DAP. Despite the fact that this 

is a detector dose not a patient dose, calculation of effective dose was deemed 

to be more complicated than anticipated in obese patients. Different studies 

have implemented effective dose as it is a commonly accepted indicator of 

radiation induced cancer (Walter and Slone Richard, 2010, Jang et al., 2018, Al-

Murshedi et al., 2018, Notohamiprodjo et al., 2018). One method of calculating 

effective dose is the use of Monte Carlo simulation such as PCXMC (Ladia et 

al., 2015, Ben-Shlomo et al., 2016, Sharma et al., 2018). However, this software 

utilises a stylized phantom representative of normal weight but can be modified 

to represent different patient’s sizes. The use of PCXMC in obesity should be 

treated with caution especially when the purpose is absorbed dose and effective 

dose to compare different exposure techniques rather than epidemiological 

purpose. The reason behind this is the absence of fat tissue in the stylized 

phantom which will affect the distribution and intensity of scattered radiation.  
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Another method of calculating effective dose is to use commercially available 

phantoms that facilitate TLD insertion for dosimetry purposes, such as ATOM 

and RANDO phantoms. This method has been practiced and reported in 

different research (Davis et al., 2014, Tootell et al., 2014, Ali et al., 2015). 

However, such method is very laborious and time consuming especially when a 

factorial design approach is used, as a large number of exposures is conducted. 

Additionally, these phantoms, ATOM and RANDO, come in standard patient 

sizes, while the current study deals with obese patients.  

Hence, the DAP readings were deemed to be good enough especially since this 

study is exploratory. Five exposures were conducted across different kVp 

levels, 70 – 120 kVp with 10 kVp interval, with AEC on for all phantoms in order 

to calculate the standard error for the DAP reading. The result shows a very 

negligible standard error (0.003 mGy). Based on this results, one DAP reading 

for each exposure during the experiments was deemed reliable. This in turn 

impacted positively on time saving and tube heat avoidance.  

6.3.4 Image assessment:   

As discussed earlier, visual assessment is the most essential tool in order to 

investigate image quality. This is attributed to the fact that visual assessment is 

the only tool used and accepted in clinical practice; hence, it was the main focus 

in this thesis. However, the physical assessment was also used for two 

reasons; to determine a reference image to be used in the visual assessment 

and to verify whether the physical assessment supports the visual results or not. 

Figure 35 demonstrates the process of image quality assessment approaches 

that have been employed in this study. 
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Figure 35 Flowchart of the image quality assessment methods applied in this 

study. 

 

  
Image quality assessment 

   Visual assessment Physical assessment  

SNR CNR 

Reference image 

Small and large 

ROIs based 

Small and large 

ROIs based 

2AFC using the 
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Inter-observer agreement Intra-observer agreement 
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(random SNR) 
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6.3.4.1 Visual assessment of image quality: 

Image quality was visually assessed using paired comparison or what is known 

as the two alternative forced choice (2AFC) method (Muramatsu, 2018). This 

approach is advantageous due to its high sensitivity to small differences 

between two images, the reference and experimental image (Massanes and 

Brankov, 2016). In this approach, the reference image is presented side by side 

to the experimental image (appraised image) to facilitate a comparison between 

the two images based on the provided criteria.  

As described in the flowchart earlier, a reference image had to be identified in 

order to carry out the visual assessment.  

6.3.4.1.1 Image quality criteria:  

Relative VGA approach using a 2AFC software was used along with the CEC 

image quality criteria for lumbar spine. The CEC guideline consisting of 7 

criteria was used with minor wording amendments as in Table 33.  

Due to the variation in the importance of each criteria, weighting factors were 

applied and the VGAS calculated (Brennan and Madigan, 2000). These 

weighting factors have been developed by three clinicians who have a minimum 

experience of five years according to Brennan and Madigan. This method has 

been employed extensively in the literature (Ismailos et al., 1996, Brindhaban et 

al., 2005, Davey and England, 2015).  

The VGAS was calculated using:  

 

OPQR =  ∑(�� × �UVWXYZ/[) Equation 12 

 

Where WF is weighting factor as in Table 33 

Meanscore is the average image quality scores by the observers  
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Table 33 Lumbar spine CEC modified image quality criteria 

number Criteria  Weighting 

factor 

1 Visually sharp reproduction of the upper and 

lower vertebral endplates 

2 

2 Visually sharp reproduction of the pedicles 2 

3 Reproduction of the intervertebral joints 3 

4 Reproduction of the spinous and transverse 

processes 

3 

5 Visually sharp reproduction of the cortex and 

trabecular structures 

3 

6 Reproduction of the adjacent soft tissues, kidneys 1 

7 Reproduction of the sacro-iliac joints 2 

 

Despite the fact that CEC image quality criteria have not been validated and 

might not be suitable for DR, they were the only option available to the 

researcher based on the literature. The CEC image quality criteria have been 

amended and used extensively in the literature (Brindhaban et al., 2005, Davey 

and England, 2015, Alukic et al., 2018, Brennan and Madigan, 2000).   

6.3.4.1.2 Observers:  

All acquired images for the five sets of phantoms were analysed visually by two 

experienced radiographers with more than 8 years of reporting experience in 

clinical practice. It is favourable to have multiple observers assessing the 

images visually so the inter-observer differences can be assessed 

(Obuchowski, 2004). Different optimisation studies have used five observers 

(Allen et al., 2013, Lança et al., 2014, Davey and England, 2015). However, 

other studies used even larger number of observers with no justification, 

(Buissink et al., 2016, Mraity et al., 2016, Tugwell et al., 2014). On the other 

hand, studies have used two or even one observer only (Alzyoud et al., 2018, 

Mraity et al., 2018). Hence, it is clear that there is no literature indicating the 

required number of observers. It is more to be pragmatic based on the number 

of observers available to the researcher during the study.  
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As this is phase one study, where a new diagnostic test is explored, 

(Obuchowski, 2004), two observers are needed as the minimum number. As 

more than 300 images were acquired and considering the amount of time that 

each image will take the observer to make a decision on 7 criteria for each 

image, using more than two observers was not practicable. Additionally, the 

researcher had access to two reporting radiographers, who expressed their 

interest in assessing the images’ quality.  

Both observers had a training session prior to commencing the image quality 

assessment task. Such training is suggested and recommended by Mantiuk and 

colleagues (Mantiuk et al., 2012). This is to introduce the observers to the task 

so they can familiarise themselves with the images and criteria and ask any 

questions on any aspect before conducting the final image assessment task. 

The session covered two main aspects that are considered most influential on 

the results. The first is the technical aspect. Both observers were introduced to 

the software and how to move between criteria and images. The second aspect 

is image quality related where observers were provided with the definition of all 

terms used in image quality criteria as shown in Table 34, which is adopted 

from CEC guideline (CEC, 1996).  

Table 34 Definitions of the degree of visibility for anatomical structures in the 

image 

Term Definition  

Visualization Characteristic features are detectable but details are 

not fully reproduced; features are just visible.  

 

Reproduction Details of anatomical structures are visible but not 

necessarily clearly defined; detail is emerging. 

Visually sharp 

reproduction  

Anatomical details are clearly defined; details are clear. 

 

Additionally, the image quality criteria were discussed with the observers and 

which area to look at when making the final decision. This is justified by the 
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result from Tingberg and colleagues’ study where they found that observers 

tend to view different parts of the image which resulted in large inter-observer 

variations. For example, the first criteria in Table 33 indicate visually sharp 

reproduction of plate surfaces, but there are five lumbar vertebrae. Hence, the 

observers were provided with a hand-out (Table 35) of anatomical details 

included in this study adopted from Almén et al. study (Almén et al., 2004).  

 

Table 35 Anatomical details included and the image criteria used in this study 

Anatomical structure Observed area 

Plate surfaces L3 

Pedicles L3 

Lateral cortex  

Intervertebral joint  L3 and L5 

Spinous and transverse processes  L3 and L5 

Adjacent soft tissue Kidneys  

 

Both observers had the chance to ask any questions as the researcher was 

available at the beginning of each image quality assessment task.  

Each observer conducted the visual assessment task completely blinded to the 

exposure factors and the phantom thickness. However, it was not possible to 

mix all images from the five phantoms sets in one set as each phantom has it is 

own reference image from within the set. Hence, each set has 72 images that 

represent a specific phantom with specific BMI, but this was blinded to the 

observers.  The observers were informed once they started the session that 

they would not be able to stop and resume later as the software does not 

provide this feature. However, the researcher offered to split each set of images 

into two, 36 each, if the observer needed to fit the task with other duties they 

had in the department. Additionally, this is to eliminate fatigue and reduce the 

image quality task duration which both have an impact on image perceptual 

errors (Alers et al., 2011, Pinto and Brunese, 2010).  
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6.3.4.1.3 Image display:  

Each phantom had 72 acquired images that needed to be visually assessed by 

each assessor using a reference image from within each set. Validated bespoke 

software was used to accomplish the visual image quality assessment task 

(Hogg and Blindell, 2012), which has been used in different 2AFC image quality 

assessment studies (Tugwell et al., 2014, Alzyoud et al., 2018, Davey and 

England, 2015). The 2AFC software allows the observer to move between the 

image to be assessed and the quality criteria as many times as needed using a 

single keyboard key, the space bar. It also presents the images randomly and 

restricts the manipulation of the window width or zooming. This will 

subsequently reduce the bias and variability between observers as well as 

guaranteeing that differences in visual perception are caused by acquisition 

factors rather than post processing.  

The reference image was presented on one monitor while the second monitor 

was used for the assessed image. In order to mimic the clinical practice setting, 

the distance between the observer and the monitors was not restricted.  

6.3.4.2 Physical assessment of image quality: 

The main assessment used in this study was the visual approach. 

Nevertheless, physical assessments, SNR and CNR, were also conducted for 

two reasons. The SNR was calculated mainly to determine the reference image 

in order to conduct the visual assessment. The CNR was derived to support the 

visual assessment results.  

Before describing the physical assessments calculation, it is worth discussing 

the approach used in drawing the ROIs to calculate SNR and CNR. Despite the 

fact that physical assessment is objective and based on numbers rather than 

the observer’s preference, as is the case in visual assessment, subjectivity still 

exists when drawing the ROIs (Sa dos Reis et al., 2017). This includes the size 

of ROI, the exact location of ROI and the number of ROIs created. The larger 

the size of the ROI the better as random variation between pixels will be 

minimised (Sa dos Reis et al., 2017). However, one could argue that a large 

ROI is not possible in case of small image or small background areas. The 
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same applies to exact location of the ROI and to the number, as these will 

depend on the preference of the person carrying out the ROI drawing (Sa dos 

Reis et al., 2017). Hence, and in order to minimise bias and to ensure that any 

strong correlation between the physical (CNR) and visual assessment is 

consistent and not by chance, SNR and CNR ROIs were drawn twice using 

Image J software (National institute of Health, Bethesda, MD). The software 

allows the user to specify the measurements needed, mean pixel value and 

standard deviation in this study. In order to minimise chance of errors, multiple 

measurement was used for all ROI across all images and the results exported 

in excel file to conduct the analysis.  

In the first round, Figure 36 (A), five smaller ROIs were drawn in homogenous 

soft tissue areas, along with five similar areas in size in L1, L2, L4 and two other 

ROIs on the right and left posterior superior iliac spines.  

In the second round of drawing the ROIs, four regions were drawn covering 

most of L1, L2, L3 and L4. Total area of the four regions combined contained 

290286 pixels. Two large areas, with total area similar to total area of the first 

four ROI, 300834 pixels, were drawn covering the adjacent soft tissue, Figure 

36 (B). This approach has been implemented by Brindhaban and colleagues  

(Brindhaban et al., 2005).  

SNR and CNR were calculated as using the following formulas which have 

been used previously in the literature (Marshall, 2009, Moore et al., 2014, 

Alzyoud et al., 2019, Moore et al., 2016): 

 

ab� =  �UVW cdeWVf gh �g�UegiW� ()gWU �j*) − �UVW cdeWVf gh )Vkle�giW�(mdcciU �j*)
n(RoVW�V�� �U?dVodgW gh oℎU qgWU )D + (coVW�V�� �U?dVodgW gh oℎU cgho odcciU)D

2
 Equation 14 

 

The reference image was subsequently selected based on the average SNR. 

Out of 72 images in each phantom set, the SNR values were sorted from lowest 

to highest and the image with an average SNR value was selected. As multiple 

Rb� =  �UVW cdeWVf ?VfiU rdoℎdW oℎU �g�Ue�giW� ()gWU �j*)
RoVW�V�� �U?dVodgW rdoℎdWe oℎU )Vkle�giW� (mdcciU �j*) Equation 13 
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images had similar SNR, the reference image was evaluated using the CEC 

criteria and the image that scored 3 and more of each criteria was selected.  
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Figure 36 small and large ROIs used to calculate SNR and CNR 

 

 

 

 

 

 

 

 

 

 

  

(A) (B) 



 
 
 

229 
 

The images were acquired with no changes in collimation, however, cropping 

some images was inevitable due to the appearance of bright areas outside the 

exposed area but inside the image. This caused an issue when trying to align all 

images in order to draw ROIs consistently across each set, Figure 38. One way 

to overcome this is to repeat the measurement three times and calculate the 

average. However, this approach is laborious especially with the large amount 

of images. It also imposes the risk of errors due to the large amount of data that 

will be produced.  

“Linear Stack Alignment with SIFT” was used in order to align the images for the 

sake of time and errors saving,  Figure 39. The plugin identifies invariant 

features in an image and uses these features in order to enable locating an 

object in that image (Lowe, 2004). The plugin has been used extensively in the 

literature, with more than 49 thousand citations, and provides a valuable tool in 

images alignment.  

All scale invariant input point detector, feature descriptor and geometric 

consensus filter input were kept as default as advised by manual, figure 5 

(Saalfeld, 2008).  However, the expected transformation was changed to ensure 

the best image alignment. The best option was the similarity. In this option, the 

plugin will identify similarity between images and align the image based on the 

highest value of pixel similarity. Figure 37 illustrates the final plugins settings 

used in this study.   
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Figure 37 Feature extraction used in the plugin 
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In order to ensure that the plugin would not affect the pixel features in the image 

stack, a pixel profile plot was generated. A line was drawn across the middle of 

L1 in both the aligned and non-aligned stack. As illustrated in Figure 40, the 

pixel density across the seventy two images in each stack has a similar trend. 

The minor difference between the two stacks is attributed to the non-alignment 

issue rather that to pixel density change due to the application of the plugin. 

Additionally, drawing an identical line with precise location was not possible, 

hence, this could also have contributed to the minor difference in the pixel 

intensity plot profile.    
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Figure 38 Image with ROIs without alignment  

 Figure 39 Images with ROIs after alignment  
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Figure 40 Plot file for image stack before (A) and after alignment (B) plugins 
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6.3.5 Optimisation score (Figure Of Merit, FOMVGAS): 

In accordance with the ALARA principle, the radiation dose to the patient should 

be kept at the lowest level. However, reducing the radiation dose might 

compromise the image quality by reducing the x-ray photons that reach the 

detector and form the image (Amis Jr et al., 2007). ALARA does not certainly 

mean the lowest radiation dose, nor, when practiced, does it result in the least 

desired image quality (Seibert, 2004). Different optimisation studies have 

explored radiation dose and image quality separately (Jang et al., 2018, 

Alzyoud et al., 2019, Moore et al., 2015, England et al., 2015). However, Doyle 

and colleagues have proposed and used a method where the image quality and 

radiation dose are incorporated by dividing the image quality score by the 

radiation dose to give a figure of merit (FOM), (Doyle et al., 2005, Doyle et al., 

2006). According to Samie and colleagues, the FOM is defined as the end point 

of the optimisation (Samei et al., 2005). By calculating the FOM, one could 

signify the optimisation score where the highest indicates good image quality at 

a lower dose and vice versa. In this thesis, the FOM was calculated through 

dividing the image quality, VGAS, by the radiation dose (DAP).    

6.3.6 Statistical analysis: 

All data were inputted and saved in an Excel 2010 sheet for each phantom set 

separately. In terms of visual image quality assessment, the inter- and intra-

observer variability was evaluated using the Intra-class Correlation Coefficient 

(ICC). This statistical test has been used extensively in similar studies (England 

et al., 2015, Tugwell et al., 2014, Al-Murshedi et al., 2019, Harding et al., 2014). 

Additionally, the ICC permits investigating the differences in scores for 

individual sections along with the correlation between the assessors. However, 

the interpretation of the ICC is a complex issue as various interpretations exist 

in the literature. In this thesis, the most commonly used and recommended 

interpretation reported by Fleiss and Rosner was used (Fleiss, 2011, Rosner, 

2015). ICC values of less than 0.40 indicates poor reproducibility, ICC values in 

the region between 0.40 – 0.75 indicate fair to good reproducibility, and an ICC 

value of greater than 0.75 indicates excellent reproducibility. This was 
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conducted using SPSS software package (PASW Statistics 25: version 25, 

SPSS Inc., Chicago, IL).  

Descriptive statistics for mAs, DAP, CNR and VGAS for each phantom will be 

presented to demonstrate the trend of these dependant variables along with the 

phantom size. Additionally, the scatterplot of the trend between DAP and 

VGAS, DAP and CNR will be presented.  

The main and interaction effects of the acquisition factors (kVp, SID and 

filtration) on the outcomes (DAP and VGAS) will be investigated using two level 

factorial design analysis. Despite the fact that the study was conducted in full 

factorial design, the two level factorial design analysis simplifies the analysis 

process and provides simple but meaningful results. It allows the ANOVA to be 

conducted using two levels, the highest and lowest, of a factor and demonstrate 

the effect and interaction effect based on each factor when changes from low to 

high. The plot will be generated using Minitab statistical software, version 17 

(Minitab Inc., Pine Hall Road, state college, PA). 

An mAs prediction model will be produced based on patient’s thickness and the 

optimal acquisition factors.  
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6.4 Results:  

This section presents the results from the optimisation experiments. Results will 

be presented in three main themes. First, observer agreement along with a 

descriptive analysis of the DAP, VGAS, and mAs will be presented for all the 

images in each phantom. This is to show the trend of all the dependant 

variables based on the phantom size and thickness. 

The second theme, is the main effect along with the interaction effects of the 

primary acquisition factors (kVp, SID and filtration) and the significance of the 

response variables, mainly VGAS and DAP, will be presented for each 

phantom. Additionally, Images that have met the reference image VGAS and 

above will be presented in a bar chart along with the exposure factors used. 

This includes all images that have similar VGAS to the reference image or 

above with disregard to the radiation dose. The bar chart will include the DAP, 

VGAS and FOMVGAS for each satisfactory image sorted by the FOMVGAS. The 

relationship between CNR, both small and large ROIs, and the VGAS will be 

presented. 

Final theme will include the overlaid contour plot for the best acquisition factors 

that can be used in each phantom constrained by VGAS (equal or above the 

reference image) and DAP (first quartile).  The mAs prediction model based on 

the phantom thickness will also be presented.  
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6.4.1 Inter-observer agreement:  

Both observers completed the visual image quality assessments for all images 

of all five phantoms. As the visual assessment in this thesis was based on 

assessing normal anatomical structures, each observer set a level of agreement 

on how clear the anatomical structures in the experimental image compared to 

the reference image. Unlike the physical measurement, this approach is 

subjective and vulnerable to inter-and intra-observer variation  

 

Table 36 Intra-Class Correlation (ICC) of observer agreement on visual image 

quality scores for all phantoms 

Phantom set Absolute 

agreement  

95 % CI  

lower upper 

Phantom (1) 0.81 0.71 0.87 

Phantom (2) 0.90 0.85 0.94 

Phantom (3) 0.84 0.75 0.89 

Phantom (4) 0.89 0.83 0.93 

Phantom (5) 0.69 0.17 0.86 
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Table 37 Intra-class Correlation Coefficient (ICC) of observer consistency in 

individual phantom set and for all phantoms 

 

  

Observer (1) 

Total/single Absolute 
agreement 

95 % CI 
lower upper 

All phantoms 0.89 0.83 0.93 
Phantom 1 0.75 0.40 0.91 
Phantom 2 0.81 0.53 0.93 
Phantom 3 0.88 0.69 0.96 
Phantom 4 0.97 0.92 0.99 
Phantom 5 0.95 0.88 0.98 

Observer (2) 

All phantoms 0.93 0.90 0.96 
Phantom 1 0.90 0.73 0.96 
Phantom 2 0.91 0.77 0.97 
Phantom 3 0.95 0.87 0.98 
Phantom 4 0.93 0.82 0.97 
Phantom 5 0.94 0.83 0.98 
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6.4.2 Descriptive analysis  

This section illustrates the DAP, VGAS, CNR (large ROIs) and mAs changes 

across all phantoms in order to demonstrate the trend of these variables’ 

change along with the phantom size.  
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Figure 41 VGAS values for each phantom 

 

As illustrated in Figure 41, the visual VGAS decreases as the phantom size 

increase except in the first phantom where the mean VGAS was less than the 

mean of all phantoms but higher than phantom 5.   
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Figure 42 CNR values for each phantom 

 

 

The CNR had an inverse relationship with the phantom size Figure 42.  
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Figure 43 mAs changes across phantoms 

 

 

As AEC was used in this experiment, as the phantom’s size increases the mAs 

increases as well in order to allow for more photons to penetrate through the 

phantom and compensate the scattered photons, figure 43 illustrated. 
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Figure 44 DAP changes with the phantom size 

 

 

The DAP readings increases as the phantom thickness increases, figure 44 

demonstrates. This is due to the increase in the mAs that has been illustrated in 

figure 43.   
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6.4.3 Main and interaction effects of kVp, SID and filtration on DAP and 

VGAS 

In this section, the main effects of all acquisition factors employed in this study 

(kVp, SID and filtration), along with the interaction effects between them, on 

DAP and VGAS on phantom basis will be illustrated. The effects will be 

presented in charts that show the power of the effects of the factors on the 

outcomes when changed from low to high values. The effect, which is the 

difference between the highest and the lowest point in the slope, will be 

presented along with regression coefficient and the significance value. 

Following each phantom, a bar chart will be presented summarising the 

combined acquisition factors, in the X axis, that have been used to produce 

images that match the reference image or above with disregard to the dose.     
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6.4.3.1 Phantom (1) 

Figure 45 Main effect (A) and interaction effect (B) of kVp, SID and filtration on 

DAP for phantom 1 (BMI: 18.3 kg/m2) 
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Figure 45 (A) demonstrates that kVp and filtration have the high negative effect 

on DAP (-14.5 and -11.4 with P<0.001) while the SID has a non-significant 

positive effect (0.28). In Figure 45 (B) it is clear that when kVp combined with 

SID, long and short SID performed equally across high and low kVp. However, 

with kVp and filtration combination, increase in kVp inverse estimated effects 

across high and low filtration. High filtration (0.3 mm Cu) affects the DAP 

negatively more than zero filtration but high kVp decreased the effect gap 

between the types of filtration, zero and 0.3 mm Cu. 

Filtration types performed equally across long and short SID with high filtration 

reducing the DAP more.   
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Figure 46 Main effect (A) and interaction effect (B) of kVp, SID and filtration on 

VGAS for phantom 1 (BMI: 18.3 kg/m2) 
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As shown in Figure 46(A), kVp has the highest negative impact on image quality 

when changed from low to high (-20.58, p=0.000) followed by filtration (-3.8, 

p=0.000). The SID showed similar but non-significant (-0.72, p=0.397) trend of 

effect on image quality (VGAS) when changed from lower to higher values.  

The results of the interaction effect, Figure 46(B), show no significant interaction 

between the acquisition factors effects on VGAS. However, the VGAS scored 

higher with low filtration when combined with kVp and SID with equal steady 

decrease when kVp changed from low to high while remaining equal across 

short and long SID.    
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Figure 47 Acquisition factor combination (kVp, SID * filtration) that led to image with similar VGAS to the reference image or above 

including DAP, VGAS and FOMVGAS for each combination (phantom 1, BMI: 18.3 kg/m2) 
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6.4.3.2 Phantom (2)  

Figure 48 Main effect (A) and interaction effect (B) of kVp, SID and filtration on 

DAP for phantom 2 (BMI: 29 kg/m2) 
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As illustrated in Figure 48(A), the kVp and filtration have the highest negative 

impact on DAP (-34.13 & -25, p=0.000), while the SID has a non-significant 

positive effect.  

In Figure 48(B) it is clear that when kVp combined with SID, long and short SID 

performed equally across high and low kVp. However, with kVp and filtration 

combination, increase in kVp inverse estimated effects across high and low 

filtration. High filtration (0.3 mm Cu) affect the DAP negatively more than zero 

filtration but high kVp decreased the effect gap between the types of filtration, 

zero and 0.3 mm Cu. 

Filtration types performed equally across long and short SID with high filtration 

reducing the DAP more.   
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Figure 49 Main effect (A) and interaction effect (B) of kVp, SID and filtration on 

VGAS for phantom 2 (BMI: 29 kg/m2) 
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As shown in Figure 49(A), kVp has the highest negative impact on image quality 

when changed from low to high (-30.94, p=0.000) followed by filtration (-5, 

p=0.000). The SID showed positive but non-significant (0.52, p=0.565) trend of 

effect on image quality (VGAS) when changed from lower to higher values.  

The results of the interaction effect, Figure 49(B), show no significant interaction 

between the acquisition factors effects on VGAS. However, the VGAS scored 

higher with low filtration when combined with kVp and SID with equal steady 

decrease when kVp changed from low to high while remaining equal across 

short and long SID.    
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Figure 50 Acquisition factor combination (kVp, SID * filtration) that led to image with similar VGAS to the reference image or above 

including DAP, VGAS and FOMVGAS for each combination (phantom 2, BMI: 29 kg/m2) 
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6.4.3.3 Phantom (3) 

Figure 51 Main effect (A) and interaction effect (B) of kVp, SID and filtration on 

DAP for phantom 3 (BMI: 38 kg/m2) 
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As illustrated in Figure 51(A), the kVp and filtration have the highest negative 

impact on DAP (-34.13 & -25, p=0.000), while the SID has a non-significant 

positive effect.  

In Figure 51(B) it is clear that when kVp combined with SID, long and short SID 

performed fairly equally across high and low kVp. However, with kVp and 

filtration combination, increase in kVp inverse estimated effects across high and 

low filtration. High filtration (0.3 mm Cu) affect the DAP negatively more than 

zero filtration but high kVp decreased the effect gap between the types of 

filtration, zero and 0.3 mm Cu. 

Filtration types performed equally across long and short SID with high filtration 

reducing the DAP more. 
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Figure 52 Main effect (A) and interaction effect (B) of kVp, SID and filtration on 

VGAS for phantom 3 (BMI: 38 kg/m2) 
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As shown in Figure 52(A), kVp has the highest negative impact on image quality 

when changed from low to high (-31.96, p=0.000) followed by filtration (-6.67, 

p=0.000). The SID showed positive but non-significant (1.89, p=0.075) trend of 

effect on image quality (VGAS) when changed from lower to higher values.  

The results of the interaction effect, Figure 52(B), show no significant interaction 

between the acquisition factors effects on VGAS. However, the VGAS scored 

higher with low filtration when combined with kVp but the gap between the 

effects of high and low filtration narrowed in high kVp.  
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Figure 53 Acquisition factor combination (kVp, SID * filtration) that led to image with similar VGAS to the reference image or above 

including DAP, VGAS and FOMVGAS for each combination (phantom 3, BMI: 38 kg/m2) 
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6.4.3.4 Phantom (4)  

Figure 54 Main effect (A) and interaction effect (B) of kVp, SID and filtration on 

DAP for phantom 4 (BMI: 42 kg/m2) 
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As shown in Figure 54(A), all acquisition factors have a significant negative 

effects of the DAP, with the filtration being the highest (-217.57) when changed 

from low to high value, followed by kVp and SID (-79.18 and -34.54), 

respectively.  

In Figure 54(B), long SID performed equally across all kVp levels. However, 

small SID performed better in high kVp. Similar with filtration, high filtration 

impacted more on the DAP at low kVp but similar to small filtration at higher 

kVp. 
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Figure 55 Main effect (A) and interaction effect (B) of kVp, SID and filtration on 

VGAS for phantom 4 (BMI: 42 kg/m2) 
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As illustrated in Figure 55(A), all acquisition factors have a significant negative 

impact on the VGAS, with the filtration being the highest when changed from 

low to high value, followed by kVp and SID, respectively.  

In Figure 55(B), the kVp reverses the estimated effect of SID when changed 

from low to high, showing that small SID is better with low kVp but in high kVp 

both filtration performed equally on VGAS. 
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Figure 56 Acquisition factor combination (kVp, SID * filtration) that led to image with similar VGAS to the reference image or above 

including DAP, VGAS and FOMVGAS for each combination (phantom 4, BMI: 42 kg/m2) 
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6.4.3.5 Phantom (5) 

Figure 57 Main effect (A) and interaction effect (B) of kVp, SID and filtration on 

DAP for phantom 5 (BMI: 46 kg/m2) 
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As shown in Figure 57(A), all acquisition factors have significant negative 

effects on the DAP, with the filtration being the highest when changed from low 

to high value, followed by kVp and SID, respectively.  

In Figure 57(B), it is evident that there is interaction between kVp with SID, and 

kVp with filtration. Large SID performed equally across all kVp levels. However, 

small SID performed better in high kVp. Similar with filtration, high filtration 

impacted more on the DAP at low kVp but similar to small filtration at higher 

kVp. 
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Figure 58 Main effect (A) and interaction effect (B) of kVp, SID and filtration on 

VGAS for phantom 5 (BMI: 46 kg/m2) 
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As illustrated in Figure 58(A), all acquisition factors have a significant negative 

impact on the VGAS, with the filtration being the highest when changed from 

low to high value, followed by kVp and SID (-10.08, -4.12 and -3.6) respectively.  

In Figure 58(B), it is evident that there is interaction between kVp with SID, and 

kVp with filtration. The kVp reverses the estimated effect of SID when changed 

from low to high, showing that a small SID is better with low kVp but in high kVp 

the long SID impacted positively more on the VGAS. Similar with filtration, high 

filtration impacted more on the DAP at low kVp but similar to small filtration at 

higher kVp. 
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Figure 59 Acquisition factor combination (kVp, SID * filtration) that led to image 

with similar VGAS to the reference image or above including DAP, VGAS and 

FOMVGAS for each combination (phantom 5, BMI: 46 kg/m2) 
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6.4.4 Optimal optimisation factors  

In this section, the optimal optimisation factors for each phantom will be 

presented based on the lowest dose and highest images quality score. The 

VGAS and DAP values for each phantom will be presented. These values 

represent only images that have similar VGAS to the reference image or above. 

Based on these values, Contour plots will be presented for each phantom to 

illustrate the range of optimal exposure factors that produced image quality 

equal to or above the reference image VGAS with a DAP values that is within 

the first quartile of DAP values.   
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Table 38 Descriptive analysis of DAP, VGAS and FOMVGAS for images that 

match the reference image VGAS score or above for each phantom 

Phantom Variable mean SD median min 1st 

quartile 

max 3rd 

quartile  

1  DAP 25.4 7.0 24.83 17.3 20.1 37.3 29.7 

VGAS 50.1 2.3 49.5 48 48 55 51.5 

2 DAP 47.7 15.5 43.87 29.8 36.7 82.6 56.0 

VGAS 56.8 6.5 56 48 50 65 64 

3 DAP 155.4 63.2 141.7 82.0 98.3 290.9 196.6 

VGAS 57.2 7.2 56.5 48 51.2 72 61.7 

4 DAP 218.4 96.0 201.0 113.8 139.6 437.3 277.9 

VGAS 55.7 6.9 53.5 48 50 69 61.7 

5 DAP 486.0 19.8 478.6 470.8 470.8 508.4 508.4 

VGAS 49.3 2.3 48 48 48 52 52 

 

Minimum to 1st quartile DAP values demonstrated in table 38 were used along 

with the minimum to maximum VGAS value in order to generate the countour 

plots, in the next page, for each phantom. The minimum VGAS value in table 38 

represent the VGAS for the reference image, which means the image that has 

any VGAS value equal to or above the minimum VGAS value was similar or 

better than the reference image.     
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Figure 60 Contour plot of VGAS, DAP of each phantom (1, 2, 3 and 4) 

constrained by VGAS equal and above reference image and the 1st quartile of 

DAP 

  

  

 

 

 

 

 

 

 

 

 

 

Figure 60 illustrated the range of optimal exposure factors constrianed by the 1st 

quartile values of DAP, and the VGAS equal to or above the reference image. It 

can be seen that low kVp is favoured across all phantoms with added Cu 

filtration ranged between 0.2 and 0.3 mm. Phantom 5 was excluded as only 

three images had VGAS similar to reference image or above acquired with the 

highest DAP possible, this in turn makes impossible to generate a contour plot. 
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Figure 61 Quadratic (A), and linear prediction model (B) of mAs with kVp of 75, 

SID of 125 cm and filtration of 0.3 mm Cu 

 

Two mAs models are produced based on the combined exposure factors that 

produced 75th percentile of FOMVGAS, shown in Figure 61. The quadratic (A) 

regression model has the highest r2, 0.98 compared to the linear (B), r2=0.96, 

respectively. Hence, the quadratic seems to be the best model. the kVp is set to 

75, except in the first phantom, 70kVp. The remaining acquisition factors, SID 

and filtration, remain constant across all phantoms; 125 SID and 0.3 mm Cu 

filtration. mAs can be calculated based on the patients thickness using the 

following equation:  

   

Where mAs is the tube milliamp second  

Thickcm is the patient’s thickness in cm 
Thick is the patient thickness 
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6.4.5 Correlation between physical and visual aseessment of image 

quality 

In this subsection, the relationship between image quality physical assessment, 

in the form of CNR, and visual assessment, in form of VGAS, is tested for all 

produced images in each set of phantom. The spearman’s rank correlation 

coefficient was used as VGAS  data are ordinal while CNR data is interval data. 

 Table 39 Spearman correlation between VGAS and CNR based on two 

different size ROIs (Significance level: P<0.001) 

  CNR  (Small ROIs) CNR  (Large ROIs) 

Phantom 1 0.78  0.86  

Phantom 2 0.88  0.91  

Phantom 3 0.91  0.91  

Phantom 4 0.98  0.94  

Phantom 5 0.88  0.88  

  

 

Storng correlations between CNR and image quality (VGAS) across all 

phantoms are illustrated in Table 39. CNR derived form both large and small 

ROIs are strongly correlated with the VGAS.    
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6.5 Discussion: 

This section will discuss the result of the factorial design dose optimisation 

experiments. To avoid repetition, the impact of each acquisition factor on 

outcomes will be discussed individually.   

6.5.1 Inter and intra-observer agreement for visual assessment: 

The ICC results for the visual assessment demonstrated an excellent inter and 

intra observer agreement for all phantoms. In terms of inter-observer 

agreement, a two-way random ICC, an excellent agreement (0.81 – 0.90,95 % 

CI 0.71 to 0.94) is achieved indicating an excellent reproducibility (Fleiss, 2011). 

In the 5th phantom, fair to good agreement is observed (0.69, 95% CI 0.17 to 

0.86). This could be attributed to the fact that all images produced for this 

phantom contain high levels of noise which is reflected in the small number of 

images that were deemed to be of diagnostic quality, see Figure 59. These 

agreement figures are consistent with agreement values reported by (Alzyoud 

et al., 2019, Davey and England, 2015), showing an excellent agreement, and 

fair to good agreement (Harding et al., 2014).  

With regards to observer intra-variability, consistency, the two-way mixed ICC 

results showed an excellent agreement for both observers across all phantoms, 

Table 37. The observer did not take any breaks during the assessment of each 

phantom, which means each set of visual image quality assessment comprised 

of 72 images, hence, 15 images were extracted from each phantom set 

including the reference image for the intra-observer agreement. This is to 

discover if the time spent by the observer during the main task of image 

assessment had impacted on their grading. However, based on the intra-

observer results, no trend of observer consistency is observed across all 

phantoms.  

The viewing conditions utilised during the visual image quality assessment in 

the current study are similar to what is used in clinical practice, if the RCR 

recommendations are followed. However, in this study, training was given to 

each observer regarding the assessment criteria. Additionally, a restriction of 

image contrast manipulation was implemented. In clinical practice, these 

restrictions and training are not practiced which indicates that the variation 
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between observers in clinical environment could be higher than that reported in 

the current study.   

6.5.2 Effects on DAP: 

The results demonstrate that both kVp and filtration have a different but 

significant impact on the DAP across all phantoms. The impact of kVp was 

higher than filtration in the first three phantoms. In the final two phantoms (BMI: 

42 and 46 kg.m2) the filtration was seen to impact more on DAP than kVp (-

154.6 and -217.5 for filtration compared to -132.13 and -79.1 for kVp. However, 

the scenario is different with regard to SID, where a positive but non-significant 

impact on DAP is visualised across the first three phantoms (BMI: 18.5, 29 and 

38 kg.m2) but a negative impact on the obese phantoms (BMI: 42, p=0.09, and 

46 kg.m2, p=0.02).  

The justification of the negative effect of kVp on DAP is the fact that increasing 

the kVp leads to a reduction on the mAs. As discussed in section (6.2.1.2), the 

dose is dependent on mAs mainly. Hence, the reduction in mAs means a 

reduction of the radiation dose. The opposite is also true, with low kVp, the 

DAPs were high across all phantoms due to the increase in mAs (Carroll, 2007, 

Fauber, 2016). This result is in line with other studies which show the negative 

impact of kVp on radiation dose. Brindhaban and colleagues investigated the 

effect of tube potential on radiation dose and image quality using two computed 

radiography systems (Brindhaban et al., 2005). They reported a decrease of 

25% to 50% when increasing tube voltage from 81 to 104. Similarly, Lanca and 

colleagues demonstrated similar results with statistically significance difference 

when kVp was increased from 60 to 120 kVp in pelvis radiography (Lança et al., 

2014). Additionally, a study investigating the impact of AEC and manual mode 

on image quality on chest PA radiographs showed a similar result of radiation 

dose decrease along with kVp increase (Reis et al., 2014). All the studies 

discussed earlier conducted the optimisation exposure based on phantoms that 

are representative of normal weight patient. However, in this study only the first 

phantom (BMI 18.5 kg/m2) is similar to other phantoms used in the literature in 

terms of the size. Hence, a different trend of the kVp effect is noticed where the 

filtration effect is taking over in the two highest BMI phantoms (BMI: 42 and 46 
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kg/m2). At high kVp, the radiation penetrates the examined body part very 

easily, and the opposite is true, due to the fact the kVp determines the quality of 

the beam (Dendy and Heaton, 2011). However, as the radiation passes through 

the body, its intensity reduces by an amount that is determined by the physical 

properties of the matter (Dendy and Heaton, 2011). These physical properties 

include thickness, density and atomic number of the material through which the 

radiation beam passes. The increase in any of these physical properties causes 

more attenuation of the beam, hence less signals are recorded in the detector, 

and subsequently the AEC will provide more time until the required signals are 

recorded in the ionisation chambers. This will be at the expense of high mAs 

and radiation dose. The scenario in phantoms 4 and 5 is similar, where the 

patient thickness is increased causing more attenuation of the beam. However, 

the AEC terminates the exposure very early to avoid damage to the tube. The 

justification for this phenomenon is the fact that AEC reached the cut-off point 

especially at 70 and 75 kVp. As a result, the DAPs in low kVp range for the two 

largest phantoms are less than the DAPs recorded when using high kVp. The 

low DAP recorded at low kVp in these two phantoms (4 & 5) compared to the 

DAPs in higher kVp level caused decreases in the regression slope. This result 

should be taken with precaution as it might not apply to other x-ray systems 

where a higher cut off point is possible.    

The filtration had similar trends of affecting the DAP negatively across all 

phantoms. This effect of filtration came in second place after the kVp in the first 

three phantoms, but the highest in the two large phantoms. This is attributed to 

the fact that filtration absorbed the low x-ray energy. As discussed in section 

(6.2.1.1), 30 to 50 % only of the beam will have the maximum photon energy, 

this indicates that the remaining low energy beam, will exit the tube towards the 

detectors but will end up absorbed by the tissues of the examined body part. 

This will result in increase of the patient dose with no contribution to image 

quality (Fauber, 2016). Applying filtration, like Copper, will absorb these low 

energy photons before reaching the patient.  

These results agreed with many studies that have investigated the impact of 

added filtration on radiation dose and image quality. For instance, in a study 

conducted by Ekpo and colleagues testing the impact of added Copper filtration 
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on image quality and radiation dose (DAP) and effective dose, they found that 

using 0.3 mm of Cu filtration reduces the DAP by 37% while still producing a 

diagnostic image (Ekpo et al., 2014). Other studies have demonstrated 

comparable results in different projection radiography examinations (Brosi et al., 

2011, Smans et al., 2010, Vassileva, 2004). Other studies that investigated 

radiation dose to two different sets of chest phantom size reported similar 

trends in similar x-ray systems with 0.2 added Cu filtration (Al-Murshedi et al., 

2019). This indicates the effectiveness of filtration in reducing the radiation 

dose. 

However, the sharp increase in filtration effects on DAP in the largest two 

phantoms is not clinically beneficial. The reason attributed to this is the fact that 

the x-ray tube terminated the exposure very early when high filtration is used. 

This is because the use of filtration forces increase in the mAs, therefore, 

increases the x-ray tube heating.  

With regards to SID, it has impacted positively but not significantly on DAP 

except in the largest two phantoms (BMI: 42 and 46 kg/m2) where the SID is 

inversely related with the DAP. This finding is surprising as it contradicts the 

inverse square law. However, it could be justified by the fact that increases in 

SID causes decrease in the beam intensity. With the AEC ON, the mAs will 

subsequently increase to compensate for dose reduction in the detector. This is 

supported by the result found by Brennan et al, that reported 60% increase in 

mAs when AEC was used alongside changing the SID in lumbar spine 

radiography (Brennan et al., 2004). Likewise, this reflects those of Joyce et al, 

who also reported mAs increase as a result of SID increase when the AEC is in 

use (Joyce et al., 2013).    

Previous studies have demonstrated results that are in line with the inverse 

square law. For example, Tugwell and colleagues investigate the effects of SID 

on radiation dose and image quality in pelvic radiography (Tugwell et al., 2014). 

Using computed tomography and an anthropometric phantom, the impact of 

SID when changed from 90 - 140 cm and a constant kVp with manual and AEC 

mode, was studied. They found that increasing the SID from 110 to 140 cm 

reduces the ESD by 37 % and effective dose by 3.7 % when using AEC. Higher 
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reduction in the ESD and effective dose (50 % and 41 %) was reported when 

mAs was kept constant while increasing the SID. However, they applied this 

protocol while the kVp was constant. In the current study, the effects of SID on 

DAP is averaged across different level of kVp and filtration which makes the 

justification of this unexpected phenomenon difficult to explain. Similarly, other 

studies have reported higher dose reduction using long SID when mAs is 

controlled (Grondin et al., 2004, Farrell et al., 2008).  

The sharp decrease in DAP is again justified by the fact that the tube terminated 

the exposure to avoid damage.   

This could mean that filtration should be looked at instead of SID as the dose 

reduction showed by filtration is greater than the effects of SID ((Poletti and 

McLean, 2005).  

However, explaining the main effects in factorial design should not be 

undertaken without investigating the interaction effects (Montgomery, 2017). 

The reason is that a significant effect of a factor might be dependent on another 

factor. For this reason, looking at the interaction effect between kVp and 

filtration is essential before making the final decision regarding the main effects 

of individual factors on the outcomes.  

Across all phantoms, SID and filtration did not have any interaction, which 

means they are independent of each other. Filtration, both low and high, 

performed equally across SID. With regards to SID and kVp, both long and 

short SID performed equally across the first three phantoms, an interaction is 

observed in the fourth phantom at high kVp, where short SID performed better 

than long SID, however, the gap between the effects of SID at high kVp is very 

small. In the fifth phantom, an interaction is seen at high kVp where short SID 

impacted more on DAP than long SID. The same trend was observed in the 

interaction between kVp and filtration; where high filtration appears to impacted 

more on DAP at a lower kVp range in the largest two phantoms. This can be 

explained by the fact that in these two large size phantoms (42 and 46 BMI) at 

lower kVp, the AEC terminated the exposure very quickly to avoid tube heat, 

when adding more filtration or increasing the SID, the load is even bigger and 
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thus, in lower kVp with long SID and high filtration, the DAP was very low due to 

the early termination of the exposure.  

As a result, the large effects of high filtration and long SID in phantom 4 and 5 

should not be misunderstood. Clinically, it is not beneficial but it could signify 

the importance of knowing the limit of the x-ray system used and employing 

exposure factors accordingly.  

6.5.3 Effects on VGAS: 

In the present study, an improved grade of the image quality (VGAS) is 

observed across all phantoms at a lower kVp range. This result is in line with 

many studies that have investigated the effect of tube potential on image quality 

(Uffmann et al., 2005, Geijer et al., 2009, Shaw et al., 2013, Alzyoud et al., 

2019). The reason for this is attributed to the fact that increasing the kVp while 

using AEC mode will result in mAs decrease which results subsequently in 

heightening of the noise level (Geijer et al., 2009). Additionally, this is attributed 

to the reduction of subject contrast as a result of high kVp. The subject contrast 

can be defined as the ratio of the intensity of transmitted radiation of a body part 

to the intensity transmitted by the adjacent part with high absorption rate 

(McEntee et al., 2004). The intensity of the radiation will be reduced as the 

radiation passes through the examined part depending on the body part density, 

thickness, atomic number, scattered radiation and tube potential. With the 

limited control of all factors except the tube potential, the relationship between 

subject contrast and tube potential is the key to the low subject contrast resulted 

when using high kVp. with a given body thickness, the relationship between 

subject contrast and tube potential is an inverse relationship (Bushberg and 

Boone, 2011, Fauber, 2016). When high kVp applied, the penetration power  

Additionally, as the kVp decreases, the scattered beam energy decreases 

which subsequently reduces the scattered radiation reaching the detector 

(Dendy and Heaton, 2011). However, the opposite is true, with high kVp the 

scattered radiation energy increases and can reach the detector easily and 

impact on the noise level. This is very critical in digital radiography systems as 

they are more sensitive to low energy scattered radiation.  
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This result contradicts what is known and practiced clinically  (Doherty et al., 

2003). However, this is true in the case of analogue x-ray systems which have a 

limited sensitivity spectrum (Vassileva, 2004). In digital radiography the 

scenario is different where image post processing offers more options to 

enhance the image quality independent of the dose. De Vries and colleagues 

reported contradictory results using a similar detector (de Vries et al., 2015). 

They utilised a 20cm slab of PMMA along with CDRAD 2.0 contrast phantom 

sandwiched inside in an attempt to mimic the Alderson anthropometric 

phantom. Using CDRAD analyser, the image quality was measured. They found 

that at a lower kVp, the image quality is far less compared to higher kVp. 

However, the image quality assessment was based on physical measurements 

which do not reflect visual perception. Additionally, the phantom used in their 

study is very simple and not representative of heterogeneous human tissues.  

In the highest BMI phantom (46 BMI), the effects of kVp are lower, this is due to 

the termination of the exposure at low kVp to avoid tube damage.  

With regards to added Cu filtration, it is observed across all phantoms that 

increased filtration impacted negatively on VGAS. Compared to the filtration 

effects on DAP, as discussed earlier, it is apparent that filtration reduction 

impacted more positively on DAP than on VGAS. This can be seen clearly on 

Figures 47, 50, 53, 56 and 59 where protocols that use high filtration produced 

images with high optimisation index score (FOMVGAS). This finding is supported 

by different studies that have reported similar findings in case of normal weight 

representative phantom studies. Ekpo and his colleagues investigated the 

impact of added Copper filtration on radiation dose and image quality at a 

constant tube potential, 120 kVp (Ekpo et al., 2014). They observed up to 37% 

patients dose reduction, (effective dose), while the image was considered of a 

diagnostic quality. This phenomenon has been reported extensively in the 

literature with the use of DR systems, which support the findings of the current 

study (Brosi et al., 2011, Smans et al., 2010, Hamer et al., 2005, Lança et al., 

2018).  

The impact of SID on VGAS fluctuated across phantoms. However, its effect 

was not significant except in the morbidly obese phantom, (number five). In the 
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literature, most studies reported no significant reduction in image quality when 

the SID was increased. For instance, Tugwell and colleagues investigated the 

effects of SID on image quality with regards to pelvis radiography (Tugwell et 

al., 2014). Using both visual image quality assessment as well as SNR, no 

significant image quality score difference was observed between short and long 

SID (90 – 140 CM). However, a slight decrease in the SNR was reported when 

SID increased. Similarly, Joyce and his colleagues found similar results when 

increasing the SID from 100 to 150 cm in cranial radiography with no 

deterioration in image quality.  

Based on the discussion above, it can be seen that both kVp and filtration are 

the most influential acquisition factors that can be employed in dose 

optimisation across different thickness. Lower kVp is favourable with no filtration 

when the image quality is more relevant. However, filtration reduced the 

radiation dose significantly but with image quality still of a diagnostic range, see 

Appendix 7-10. The results of this study can be implemented in clinical practice 

in order to reduce patient dose to patients with obesity and to improve the 

image quality.  

In order to simplify the transference to clinical practice, prediction models 

(Figure 61) have been produced to aid radiographers selecting exposure factors 

and reduce the variation in mAs, radiation dose and image quality. As multiple 

acquisition factors were used across different phantom that varied in size, it was 

not possible to produce a regression model based on best acquisition factors.  

6.5.4 Correlation between VGAS and CNR 

A strong positive correlation is observed between VGAS and CNR across all 

phantoms with regard to the ROI size, Table 39. This indicates that the size of 

the ROIs did not impact on the relationship between VGAS and CNR. The 

results from this study strongly agree with many results that have been reported 

in the literature (Alzyoud et al., 2019, Jones et al., 2015, Moore et al., 2013). 

This supports the visual assessment of image quality and may permit the use of 

physical measure to predict the image quality. However, this cannot replace the 

visual assessment especially in clinical situation (Båth, 2010).  
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6.6 Conclusion  

The current study showed a promising future for image quality improvement in 

patients with obesity. kVp and filtration had the biggest impact on radiation dose 

and image quality. As the kVp increases the radiation dose is reduced as well 

as the image quality. This indicates that low kVp is favourable when the main 

focus is the image quality.  

Similarly, Copper filtration showed a significant negative impact on the radiation 

dose but positive impact on the image quality due to the improvement in beam 

quality by filtering the soft component. This proves the efficiency of employing 

filtration in clinical practice, especially in patients with obesity in order to 

improve the beam quality and reduce scattered radiation. 

The cut-off point of x-ray system should be known to the operator in order to 

employ the lower kVp and high filtration techniques in case of patients with 

obesity.  

The mAs prediction model reported in this thesis can be used as a preliminary 

prediction model in clinical practice as there is no guideline in place currently.  
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7. Chapter 7: Conclusion  

7.1. The story of the thesis:  

The first study of this thesis was conducted in an attempt to identify the current 

practice employed in projection radiography with regards to patients with 

obesity. The first study was conducted in order to identify the most challenging 

parts when examining obese patients in order to act accordingly and come up 

with a result that can be implemented to solve a clinical practice issue. This was 

considered essential since the literature review demonstrated a lack of related 

studies. Based on the findings of the first study, abdominal and lumbar spine 

radiographs were proved to be the most challenging parts. However, conducting 

a dose optimisation study directly was not possible as no obese phantom is 

commercially available. Therefore, constructing an obese phantom was a 

primary goal. However, body composition must be accounted for since different 

tissues attenuate x-ray differently. Hence, the second study was carried out in 

order to quantify body composition in the most challenging areas in order to 

underpin the construction of representative obese phantoms. Different 

prediction models for fat and lean tissues in different body parts were produced 

to aid the research to construct the different phantoms for different BMI groups.  

Tissue equivalent substitutes were fabricated and validated in order to be used 

in the construction of obese phantoms. Fabrications of these tissue equivalent 

substitutes were successful and the final phantoms were constructed based on 

the body composition models reported in the second study.  

For the purpose of consistency, final fabricated phantoms were validated and 

upon the satisfactory results they were used in dose optimisation experiments. 

A factorial design study was conducted using the constructed phantoms in order 

to investigate the impact of different acquisition factors on radiation dose and 

image quality across different size phantoms.  

Conducting this thesis in this order improved its robustness as every conducted 

stage was based on evidence from the former stage results.  

The next few sections of the conclusion will summarise research achievements, 

novelty and limitations of all studies briefly. The final conclusion will be drawn to 

provide a take home message for the reader. As with any research, raised 
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questions are of the same importance as answered ones, thus, further studies 

recommended will be listed to direct other researchers for further research that 

can be conducted to improve and strengthen the evidence in the radiation dose 

optimisation in this group of patients.    

7.2. Research achievement:  

 The current practice of imaging patients with obesity has been identified 

in more than 600 patients who have had projection radiography. 

 The most challenging parts of the body, based on the reported radiation 

dose, have been identified. 

 The relationships between patients’ sizes and radiation dose in different 

projection radiography procedures have been identified. 

 Radiation related lifetime-cancer risks of patients with obesity have been 

estimated based on the reported DAPs and compared with normal 

weight patients using the NDRL radiation dose values. 

 Body compositions, FM and LBM, have been quantified in different body 

parts and different prediction models of FM and LBM have been 

developed to aid researchers when developing non-standard size 

phantoms. 

 Fat and lean tissue equivalent substitutes have been fabricated and 

validated in order to construct phantoms representative of obese 

patients. 

 A protocol for extending commercially available normal weight phantoms 

has been developed. 

 The KYOTO phantom has been extended to four phantoms with different 

BMI. 

 Dose optimisation experiments have been conducted using five 

phantoms of different sizes. 

 A factorial study design has been implemented to conduct the 

experiments using three factors with different levels of each factor. 

 Radiation doses in form of DAP have been reported for all produced 

images. 

 Physical (CNR) and visual image quality (VGAS) assessments have 

been used in order to assess the quality of all produced images.  
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 Main and interaction effects of all acquisition factors on DAP and VGAS 

have been investigated in order to fully understand the effects of the 

acquisition factors when combined. 

 The mAs prediction models have been produced in order to guide 

radiographers selecting the exposure factors based on patient size to 

yield a diagnostic image with low dose. 

7.3. Strengths of this research:  

 The first phase of this research was the first study that has reported 

radiation dose in patients with obesity based on actual clinical practice 

indicating the challenges of imaging this group of patients. 

 It also produced an evidence based overview of the variations in 

radiation dose received by patients with obesity signifying the negative 

effects of the absence of any guidelines to aid radiographers selecting 

the most appropriate exposure factors based on the patient size in order 

to adhere with the ALARA principle. 

 Effective risk and effective dose are also reported giving more insight 

and guidance to clinicians and radiographers when justifying 

radiographic exposures in the case of patients with obesity. 

 Obese phantoms were built based on the best evidence with regards to 

the body composition of obese patients.  

 The materials used in the phantom construction permit limitless reuse in 

dose optimisation research which in turn facilitate comparison of results 

from different dose optimisation protocols 

 The protocol developed is valid to extend any commercial normal weight 

phantoms into obese models 

 Factorial design methods have been employed promoting the 

investigation into the effect of multiple acquisition factors simultaneously 

rather than only one factor  

 Optimisation index was used to identify highest image quality with the 

lowest dose which provide more understanding of the best exposure 

factors for both image quality and radiation dose instead of considering 

these outcomes separately 
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7.4. Limitations: 

 The dose audit study was conducted retrospectively, which in turn 

imposed a more restricted  inclusion and exclusion criteria, and resulted 

in limiting the numbers of investigations in the final analysis of radiation 

dose 

 The patients size was based on BMI while the thickness of the body part 

is more relevant when considering radiation dose  

 Radiation doses reported were based on radiographer entry and errors 

may be present resulting from entry mistakes  

 Body composition was reported based on female participants, which 

implies that the result is more relevant to females than males. 

 Abdominal FM was calculated in total with no configuration of visceral 

and subcutaneous FM separately 

 Obese phantoms were constructed taking into account the FM and LBM 

in total but no visceral fat was employed  

 The extended phantoms represent obese patients in supine position only 

which limits their use in erect position due to the fat redistribution 

 Dose optimisation experiments were conducted using a single x-ray 

system which in turns influences the applicability of the results to other x-

ray systems.  

 Three acquisition factors were employed in the current thesis while other 

factors can be used to optimise the image quality and reduce the 

radiation dose. 

 The results have not been implemented in clinical practice  

7.5. Overall conclusion of the thesis:  

A significantly high Radiation dose (DAP) is delivered to patients with obesity in 

all radiographic procedures reported in this thesis. Body parts with most 

sensitive organs are receiving the highest dose, abdominal and lumbar spine 

radiographs. Hence, the radiation-related lifetime cancer risk can reach up to 

153% in patients with obesity compared to normal weight patients especially in 

younger patients. This provides the rationale for radiation dose auditing 

processes in medical imaging departments in order to identify similar results 

and act upon them. Additionally, the results provide more evidence based 
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understanding of the radiation dose issue especially in projection radiography 

which advocate more dose optimisation research for non-standard size patients. 

However, caution should be exercised when an attempt is made to conduct 

such research. This includes utilisation of phantoms, physical or computational, 

that encounter fat as well as lean mass increase. The current thesis 

demonstrated a statistically significant increase of LBM along with FM and 

height.  

In order to standardise the construction of phantoms representing obese 

patients, taking these two body compartments into account will facilitate 

reduction of discrepancies in dosimetry that is attributed to phantom 

construction and size. In this thesis, multiple prediction equations have been 

developed to help researchers estimating FM and LBM increase across 

different body parts. 

With the high cost of commercially available phantoms, in-house FTES and 

LTES can be constructed in order to extend normal weight phantoms into obese 

phantoms. This can be conducted only if the required lab facilities are available. 

Due to the hazardous nature of these materials, one should ensure health and 

safety measures are in place before conducting the experiment. Good planning 

in advance will produce satisfactory results as these materials need special 

handling, storage and mixing. The materials constructed in this thesis provided 

an opportunity to conduct dose optimisation experiments in order to optimise 

radiation dose and image quality in non-standard size of patients.  

The factorial design implemented in this thesis provided more insight into the 

effect of different acquisition factors on both image quality and radiation dose. 

Based on the results of this thesis, with regards to the main research question, 

manipulating different acquisition factors produced improvements in image 

quality and reduction in radiation dose across different size models. It can be 

concluded that low kVp is favourable (~75 kVp) when the main focus is a 

radiographic image of a high quality. The radiation dose can be reduced 

significantly, while the acquired image of a diagnostic quality, by adding up to 

0.3 mm of Cu filtration. These two exposure factors when combined proved to 

produce a radiographic image with high optimisation index.  
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However, tube load should be considered and the cut-off point of the x-ray 

system AECs should be investigated in order to adapt the current exposure 

factor selection to other systems. In this project, phantom thickness above 33 

cm proved to be challenging as the x-ray system was working at its limit.  

 

7.6. Research impacts: 

The results of this thesis will have a direct impact on imaging obese patients in 

clinical practice as well as on the quality of patient care. With regards to the 

impact on patient’s care, the mAs prediction model will help in reducing patient’s 

radiation dose and dose variation. It will serve as a reference for the 

radiographers to choose the best exposure factors based on patient thickness 

rather than speculating these factors. Additionally, in healthcare centres, where 

more manufacturer variety of x-ray systems is available, the patient can be 

directed to the best system based on the cut-off point when similar mAs 

prediction model is produced for other DR systems.  

Clinicians can use the result of this thesis to decide whether projection 

radiography will improve the patient diagnosis or not based on the estimated 

lifetime cancer risk for obese patients, which is different when compared to 

normal-weight patients. This thesis forms the foundation for future work in this 

area.   

7.7. Recommendations for further studies: 

 Further radiation dose evaluation studies to be conducted in order to 

investigate if similar results found and to explore challenges in other 

procedures that have not been included in this thesis 

 Investigating the causes of radiation dose variation to understand the 

causes and act upon them 

 More body composition quantification studies are needed in order to 

understand body composition changes across males, children and 

different ethnicity groups in order to standardise phantom construction 

across different populations 

 Obese phantoms with visceral fat is of importance in order to understand 

the impact of fat redistribution on internal organs’ absorbed dose 
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 More acquisition factors should be explored in order to have a full picture 

of how the dose and image quality could be optimised in this group of 

patients 

 Similar experiments could be conducted with the use of manual mode, i.e 

mAs manipulated manually, in order to investigate any further dose 

reduction opportunities 

 Effective dose is advised to be implemented instead of DAP in future 

similar studies as it is more efficient in dose optimisation studies than 

DAP. 
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 Appendices:  

Appendix 1 Invitation letter for engagement in the study 
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Appendix 2 Draft of the study protocol 
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Appendix 3 Follow up justification of the study protocol 

“The quantity of records it is proposed to access (1000). There seems no clear 

justification for the need for this volume 

Since the current study has the objective to estimate the average height, weight, age 
and waist circumference of obese population at Musgrove Park hospital, therefore, one 
thousand subjects seems to be statistically good number to have a normal distribution 
of all requested anthropometric variables. This number has been discussed with the 
bariatric surgeon at the hospital, who is engaged in this study, and he strongly agreed 
with this number of subjects in order to achieve good and locally generable result.  
Additionally, the research team at Exeter University will build up x-ray phantom 
simulate obese patients, of different BMI groups, to conduct some lab based projection 
exposures for dose optimisation and image quality enhancement.  If average age, 
weight, height and waist circumference estimated accurately, this will impact on the 
applicability and usefulness of the lab experimental studies to optimise patient dose. 
The advice of the bariatric team was taken into account since Taunton is a regional 
centre and therefore many of the patients will not have undergone imaging at this 
hospitals and hence dose data will not be available for them.  At present we do not 
know the percentage of these patients who will have undergone imaging and therefore 
this number of subjects will increase the likelihood of sufficient patients having had a 
previous history of x-ray imaging. This will strengthen the evidence around the radiation 
dose received by obese patients at Musgrove Park Hospital.  

The intention to pass the data (anonymised according to the description) onto 

the research team at Exeter University – there is a degree of uncertainty about 

what happens to the information from that point onwards. 

Once the data passed onto the research team at Exeter University, statistical analysis 
and lab works will be developed based on the provided data. First, the radiation dose 
will be analysed according to body parts and projections to compare with the national 
diagnostic reference level (DRL). Secondly, the radiological reports limited by body 
habitus will be analysed to configure how many diagnoses were limited by patient size 
and to identify the most common body parts that radiologists find it difficult to achieve a 
robust diagnosis. This will help the research team to focus on the most common areas 
that are difficult to image in this population For the basis of future in-vitro studies.   
Tissue equivalent phantoms will be constructed simulating different BMI groups to 
conduct further lab based x-ray exposures with exposure factors manipulation to 
minimise the radiation dose and optimise the image quality for each BMI group. All 
results will then be shared with the Musgrove Park Hospital and it is hoped the results 
from this work will impact on improving imaging while reducing patient dose in this 
population, who are frequently attend hospitals due to their multiple co-morbidities.   

The proposed inclusion of the hospital number within the information provided 

by our clinical team, thus potentially jeopardising true anonymization. 

The hospital number will be provided by the collaborator bariatric surgeon to the 
healthcare team only to be able to access data for the right patient. The ID hospital 



 
 
 

294 
 

number will not be transferred to the research team at Exeter University at any stage of 
the study, but are required by the healthcare team to link the obese patients to their 
imaging histories.   The data will remain anonymous to the research team.  

As an associated issue these is no stated engagement between student and 

Radiology team. Their critique and approval of this would appear important prior 

to any data collection.” 

Sue Rimes has been engaged with the research team regarding this project and 
introduced us to the Bariatric team.  We have also undertaken some previous student 
projects with Taunton and some other work with Sue Rimes and have found the 
engagement and enthusiasm for service evaluation at Musgrove Park to be exceptional 
in the past.  This is why we have requested to work with yourselves, rather than a 
hospital more local to us.   
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Appendix 4 Permission to conduct the study 
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Appendix 5 Radiation related lifetime cancer risk of organs for both groups, 

normal weight and obese, for all reported procedures 

Table 1. Lifetime cancer risk (per 106) as a result of abdominal AP in 

normal-weight group 

 

organ Age at exposure (Y)      

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.5525443 0.5903898 0.605528 0.5752516 0.4617151 0.2876258 0.1135365 

Stomach 4.2601572 3.2138028 2.3169276 1.494792 0.8968752 0.4484376 0.1494792 

Colon 5.0652672 4.0832256 3.101184 2.2225152 1.29216 0.6202368 0.1550592 

RBM 0.8369361 0.8260668 0.8478054 0.7065045 0.5325957 0.3586869 0.1847781 

Bladder 5.231408 4.426576 3.7022272 2.816912 1.8511136 0.9657984 0.3219328 

Liver 1.7830246 1.3634894 0.9439542 0.6293028 0.3670933 0.1573257 0.0524419 

Thyroid 0.0000865 0.0000519 0.0000173 0.0000173 0 0 0 

Oesophag
us 

0.1024243 0.1024243 0.1117356 0.1303582 0.1396695 0.1396695 0.093113 

Other 3.9916425
5 

2.8060061
5 

1.8970182
4 

1.1856364 0.6125788
1 

0.2371272
8 

0.0592818
2 

All cancers 21.823490
7 

17.412032
7 

13.526397
5 

9.76129 6.1538012
1 

3.2149079
8 

1.1296225
2 

Females 

Breast 0.4179331 0.2723184 0.1588524 0.0850995 0.0397131 0.0151288 0.0037822 

Lung 1.1959178 1.286747 1.3472998 1.3018852 1.0521049 0.6206662 0.2195039 

Stomach 6.5770848 5.0075532 3.5875008 2.4664068 1.494792 0.747396 0.2242188 

Colon 2.4809472 1.9640832 1.4989056 1.0854144 0.7236096 0.3618048 0.1033728 

RBM 0.543465 0.4891185 0.8369361 0.5325957 0.3152097 0.1630395 0.0652158 

Bladder 4.1851264 3.621744 3.1388448 2.5754624 1.9315968 1.1267648 0.402416 

Liver 0.7866285 0.5768609 0.4195352 0.3146514 0.1573257 0.1048838 0 

Thyroid 0.0004498 0.0002249 0.0001038 0.0000346 0.0000173 0 0 

Oesophag
us 

0.093113 0.1117356 0.1396695 0.1955373 0.2607164 0.279339 0.1769147 

Ovary 1.17676 0.91104 0.64532 0.41756 0.22776 0.07592 0.03796 

Other 3.0482597
6 

2.1689540
6 

1.4655095 0.9379260
8 

0.5275834
2 

0.2540216
5 

0.0781605
1 

All cancers 20.505685
4 

16.410379
8 

13.238477
5 

9.9125733
8 

6.7304289
2 

3.7489645
5 

1.3115447
1 

 

  



 
 
 

297 
 

Table 2. Lifetime cancer risk (per 106) as a result of abdominal AP in 

patients with obesity group 

organ Age at exposure (Y) 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 1.2761568 1.3635648 1.398528 1.3286016 1.0663776 0.6643008 0.262224 

Stomach 9.7981119 7.3915581 5.3287977 3.437934 2.0627604 1.0313802 0.3437934 

Colon 14.967696
8 

12.065796
4 

9.163896 6.5674588 3.81829 1.8327792 0.4581948 

RBM 1.6600276 1.6384688 1.6815864 1.401322 1.0563812 0.7114404 0.3664996 

Bladder 14.399658 12.184326 10.190527
2 

7.753662 5.0952636 2.6583984 0.8861328 

Liver 3.746681 2.865109 1.983537 1.322358 0.7713755 0.3305895 0.1101965 

Thyroid 0.001087 0.0006522 0.0002174 0.0002174 0 0 0 

Oesophag
us 

0.1499773 0.1499773 0.1636116 0.1908802 0.2045145 0.2045145 0.136343 

Other 9.1209086
9 

6.4117278
9 

4.3346892
8 

2.7091808 1.3997434
1 

0.5418361
6 

0.1354590
4 

All cancers 55.120305
1 

44.071180
5 

34.245390
6 

24.711614
8 

15.474706
2 

7.9752391
6 

2.6988431
4 

Females 

Breast 1.967121 1.281744 0.747684 0.400545 0.186921 0.071208 0.017802 

Lung 2.7620928 2.971872 3.1117248 3.0068352 2.4299424 1.4334912 0.5069664 

Stomach 15.126909
6 

11.517078
9 

8.2510416 5.6725911 3.437934 1.718967 0.5156901 

Colon 7.3311168 5.8038008 4.4292164 3.2073636 2.1382424 1.0691212 0.3054632 

RBM 1.07794 0.970146 1.6600276 1.0563812 0.6252052 0.323382 0.1293528 

Bladder 11.519726
4 

9.968994 8.6397948 7.0890624 5.3167968 3.1014648 1.107666 

Liver 1.6529475 1.2121615 0.881572 0.661179 0.3305895 0.220393 0 

Thyroid 0.0056524 0.0028262 0.0013044 0.0004348 0.0002174 0 0 

Oesophag
us 

0.136343 0.1636116 0.2045145 0.2863203 0.3817604 0.409029 0.2590517 

Ovary 2.9088292 2.2519968 1.5951644 1.0321652 0.5629992 0.1876664 0.0938332 

Other 7.4067510
4 

5.2701882
4 

3.560938 2.2790003
2 

1.2819376
8 

0.6172292
5 

0.1899166
9 

All cancers 51.895429
7 

41.41442 33.082982
5 

24.691878
1 

16.692546 9.1519518
5 

3.1257420
9 

 

  



 
 
 

298 
 

Table 3. Lifetime cancer risk (per 106) as a result of chest PA in normal-

weight group 
 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.3601893 0.3848598 0.394728 0.3749916 0.3009801 0.1874958 0.0740115 

Stomach 0.0215004 0.0162196 0.0116932 0.007544 0.0045264 0.0022632 0.0007544 

Colon 0.0013426 0.0010823 0.000822 0.0005891 0.0003425 0.0001644 0.0000411 

RBM 0.1248093 0.1231884 0.1264302 0.1053585 0.0794241 0.0534897 0.0275553 

Bladder 0.0000195 0.0000165 0.0000138 0.0000105 0.0000069 0.0000036 0.0000012 

Liver 0.0285634 0.0218426 0.0151218 0.0100812 0.0058807 0.0025203 0.0008401 

Thyroid 0.0021315 0.0012789 0.0004263 0.0004263 0 0 0 

Oesophag
us 

0.0238216 0.0238216 0.0259872 0.0303184 0.032484 0.032484 0.021656 

Other 0.1072000
5 

0.0753584
5 

0.0509465
6 

0.0318416 0.0164514
9 

0.0063683
2 

0.0015920
8 

All cancers 0.6695776
5 

0.6476681
5 

0.6261690
6 

0.5611612 0.4400961
9 

0.2847893
2 

0.1264516
8 

Females 

Breast 0.2454647 0.1599408 0.0932988 0.0499815 0.0233247 0.0088856 0.0022214 

Lung 0.7795878 0.838797 0.8782698 0.8486652 0.6858399 0.4045962 0.1430889 

Stomach 0.0331936 0.0252724 0.0181056 0.0124476 0.007544 0.003772 0.0011316 

Colon 0.0006576 0.0005206 0.0003973 0.0002877 0.0001918 0.0000959 0.0000274 

RBM 0.081045 0.0729405 0.1248093 0.0794241 0.0470061 0.0243135 0.0097254 

Bladder 0.0000156 0.0000135 0.0000117 0.0000096 0.0000072 0.0000042 0.0000015 

Liver 0.0126015 0.0092411 0.0067208 0.0050406 0.0025203 0.0016802 0 

Thyroid 0.0110838 0.0055419 0.0025578 0.0008526 0.0004263 0 0 

Oesophag
us 

0.021656 0.0259872 0.032484 0.0454776 0.0606368 0.064968 0.0411464 

Ovary 0.0000093 0.0000072 0.0000051 0.0000033 0.0000018 0.0000006 0.0000003 

Other 0.0828110
4 

0.0589232
4 

0.039813 0.0254803
2 

0.0143326
8 

0.0069009
2 

0.0021233
6 

All cancers 1.2681259
4 

1.1971854
4 

1.1964732 1.0676701
2 

0.8418315
8 

0.5152171
2 

0.1994662
6 
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Table 4. lifetime cancer risk (per 106) as a result of chest PA in patients 

with obesity group 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.4119755 0.440193 0.45148 0.428906 0.3442535 0.214453 0.084652
5 

Stomach 0.0364173 0.0274727 0.019805
9 

0.012778 0.0076668 0.003833
4 

0.001277
8 

Colon 0.005831 0.0047005 0.00357 0.002558
5 

0.0014875 0.000714 0.000178
5 

RBM 0.1695155 0.167314 0.171717 0.143097
5 

0.1078735 0.072649
5 

0.037425
5 

Bladder 0.0003705 0.0003135 0.000262
2 

0.000199
5 

0.0001311 0.000068
4 

0.000022
8 

Liver 0.0490144 0.0374816 0.025948
8 

0.017299
2 

0.0100912 0.004324
8 

0.001441
6 

Thyroid 0.005162 0.0030972 0.001032
4 

0.001032
4 

0 0 0 

Oesophagu
s 

0.0288926 0.0288926 0.031519
2 

0.036772
4 

0.039399 0.039399 0.026266 

Other 0.1879138
7 

0.1320978
7 

0.089305
6 

0.055816 0.0288382
7 

0.011163
2 

0.002790
8 

All cancers 0.8950926
7 

0.8415629
7 

0.794641
1 

0.698459
5 

0.5397408
7 

0.346605
3 

0.154055
5 

Females 

Breast 0.1967563 0.1282032 0.074785
2 

0.040063
5 

0.0186963 0.007122
4 

0.001780
6 

Lung 0.891673 0.959395 1.004543 0.970682 0.7844465 0.462767 0.163661
5 

Stomach 0.0562232 0.0428063 0.030667
2 

0.021083
7 

0.012778 0.006389 0.001916
7 

Colon 0.002856 0.002261 0.001725
5 

0.001249
5 

0.000833 0.000416
5 

0.000119 

RBM 0.110075 0.0990675 0.169515
5 

0.107873
5 

0.0638435 0.033022
5 

0.013209 

Bladder 0.0002964 0.0002565 0.000222
3 

0.000182
4 

0.0001368 0.000079
8 

0.000028
5 

Liver 0.021624 0.0158576 0.011532
8 

0.008649
6 

0.0043248 0.002883
2 

0 

Thyroid 0.0268424 0.0134212 0.006194
4 

0.002064
8 

0.0010324 0 0 

Oesophagu
s 

0.026266 0.0315192 0.039399 0.055158
6 

0.0735448 0.078798 0.049905
4 

Ovary 0.0007595 0.000588 0.000416
5 

0.000269
5 

0.000147 0.000049 0.000024
5 

Other 0.145314 0.1033965 0.069862
5 

0.044712 0.0251505 0.012109
5 

0.003726 

All cancers 1.4786858 1.396772 1.408863
9 

1.251989
1 

0.9849336 0.603636
9 

0.234371
2 
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Table 5. Lifetime cancer risk (per 106) as a result of lumbar spine AP in 

normal-weight group 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.1171796 0.1252056 0.128416 0.1219952 0.0979172 0.0609976 0.024078 

Stomach 4.6248033 3.4888867 2.5152439 1.622738 0.9736428 0.4868214 0.1622738 

Colon 5.574191 4.4934805 3.41277 2.4458185 1.4219875 0.682554 0.1706385 

RBM 0.5539688 0.5467744 0.5611632 0.467636 0.3525256 0.2374152 0.1223048 

Bladder 8.248968 6.979896 5.8377312 4.441752 2.9188656 1.5228864 0.5076288 

Liver 0.8414898 0.6434922 0.4454946 0.2969964 0.1732479 0.0742491 0.0247497 

Thyroid 0.0000085 0.0000051 0.0000017 0.0000017 0 0 0 

Oesophag
us 

0.0714175 0.0714175 0.07791 0.090895 0.0973875 0.0973875 0.064925 

Other 4.7589206
9 

3.3453798
9 

2.2616652
8 

1.4135408 0.7303294
1 

0.2827081
6 

0.0706770
4 

All cancers 24.790947
2 

19.694537
9 

15.240395
9 

10.901373
6 

6.7659035
1 

3.4450193
6 

1.1472756
4 

Females 

Breast 0.1649102 0.1074528 0.0626808 0.033579 0.0156702 0.0059696 0.0014924 

Lung 0.2536216 0.272884 0.2857256 0.2760944 0.2231228 0.1316264 0.0465508 

Stomach 7.1400472 5.4361723 3.8945712 2.6775177 1.622738 0.811369 0.2434107 

Colon 2.730216 2.161421 1.6495055 1.1944695 0.796313 0.3981565 0.113759 

RBM 0.35972 0.323748 0.5539688 0.3525256 0.2086376 0.107916 0.0431664 

Bladder 6.5991744 5.710824 4.9493808 4.0610304 3.0457728 1.7767008 0.634536 

Liver 0.3712455 0.2722467 0.1979976 0.1484982 0.0742491 0.0494994 0 

Thyroid 0.0000442 0.0000221 0.0000102 0.0000034 0.0000017 0 0 

Oesophag
us 

0.064925 0.07791 0.0973875 0.1363425 0.18179 0.194775 0.1233575 

Ovary 1.6106019 1.2469176 0.8832333 0.5715039 0.3117294 0.1039098 0.0519549 

Other 3.7975028 2.7020693 1.8257225 1.1684624 0.6572601 0.3164585
7 

0.0973718
7 

All cancers 23.092008
8 

18.311667
8 

14.400183
8 

10.620027 7.1372847 3.8963810
7 

1.3555995
7 
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Table 5. Lifetime cancer risk (per 106) as a result of lumbar spine AP in 

patients with obesity group 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.2888537 0.3086382 0.316552 0.3007244 0.2413709 0.1503622 0.0593535 

Stomach 4.2694197 3.2207903 2.3219651 1.498042 0.8988252 0.4494126 0.1498042 

Colon 7.8563856 6.3332088 4.810032 3.4471896 2.00418 0.9620064 0.2405016 

RBM 0.6546309 0.6461292 0.6631326 0.5526105 0.4165833 0.2805561 0.1445289 

Bladder 18.273567 15.462249 12.932062
8 

9.839613 6.4660314 3.3735816 1.1245272 

Liver 2.1110702 1.6143478 1.1176254 0.7450836 0.4346321 0.1862709 0.0620903 

Thyroid 0.000268 0.0001608 0.0000536 0.0000536 0 0 0 

Oesophag
us 

0.1451384 0.1451384 0.1583328 0.1847216 0.197916 0.197916 0.131944 

Other 8.2932217
7 

5.8298885
7 

3.9413331
2 

2.4633332 1.2727221
5 

0.4926666
4 

0.1231666
6 

All cancers 41.892555
3 

33.560551
1 

26.261089
4 

19.031371
5 

11.932261
1 

6.0927724
4 

2.0359163
6 

Females 

Breast 0.5408312 0.3523968 0.2055648 0.110124 0.0513912 0.0195776 0.0048944 

Lung 0.6251902 0.672673 0.7043282 0.6805868 0.5500091 0.3244658 0.1147501 

Stomach 6.5913848 5.0184407 3.5953008 2.4717693 1.498042 0.749021 0.2247063 

Colon 3.8480256 3.0463536 2.3248488 1.6835112 1.1223408 0.5611704 0.1603344 

RBM 0.425085 0.3825765 0.6546309 0.4165833 0.2465493 0.1275255 0.0510102 

Bladder 14.618853
6 

12.650931 10.964140
2 

8.9962176 6.7471632 3.9358452 1.405659 

Liver 0.9313545 0.6829933 0.4967224 0.3725418 0.1862709 0.1241806 0 

Thyroid 0.0013936 0.0006968 0.0003216 0.0001072 0.0000536 0 0 

Oesophag
us 

0.131944 0.1583328 0.197916 0.2770824 0.3694432 0.395832 0.2506936 

Ovary 2.2334911 1.7291544 1.2248177 0.7925291 0.4322886 0.1440962 0.0720481 

Other 6.2664388
8 

4.4588122
8 

3.012711 1.9281350
4 

1.0845759
6 

0.5222032
4 

0.1606779
2 

All cancers 36.213992
5 

29.153361
2 

23.381302
4 

17.729187
7 

12.288127
9 

6.9039175
4 

2.4447740
2 
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Table 6. Lifetime cancer risk (per 106) as a result of lumbar spine LAT in 

normal-weight group 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males        

Lung 0.1444195
5 

0.1543113 0.158268 0.1503546 0.1206793
5 

0.0751773 0.0296752
5 

Stomach 1.8652737 1.4071363 1.0144471 0.654482 0.3926892 0.1963446 0.0654482 

Colon 4.3686293 3.5216501
5 

2.674671 1.9168475
5 

1.1144462
5 

0.5349342 0.1337335
5 

RBM 1.6360613
5 

1.6148138 1.6573089 1.3810907
5 

1.0411299
5 

0.7011691
5 

0.3612083
5 

Bladder 0.548314 0.463958 0.3880376 0.295246 0.1940188 0.1012272 0.0337424 

Liver 1.8744999 1.4334411 0.9923823 0.6615882 0.3859264
5 

0.1653970
5 

0.0551323
5 

Thyroid 0.000007 0.0000042 0.0000014 0.0000014 0 0 0 

Oesophag
us 

0.0384213
5 

0.0384213
5 

0.0419142 0.0488999 0.0523927
5 

0.0523927
5 

0.0349285 

Other 4.1767688
1 

2.9361444
1 

1.9849990
4 

1.2406244 0.6409892
7 

0.2481248
8 

0.0620312
2 

All cancers 14.652395 11.569880
6 

8.9120295
4 

6.3491348 3.9422720
2 

2.0747671
3 

0.7758998
2 

Females        

Breast 0.0951847 0.0620208 0.0361788 0.0193815 0.0090447 0.0034456 0.0008614 

Lung 0.3125793 0.3363195 0.3521463 0.3402762 0.2749906
5 

0.1622247 0.0573721
5 

Stomach 2.8797208 2.1925147 1.5707568 1.0798953 0.654482 0.327241 0.0981723 

Colon 2.1397368 1.6939583 1.2927576
5 

0.9361348
5 

0.6240899 0.3120449
5 

0.0891557 

RBM 1.0623775 0.9561397
5 

1.6360613
5 

1.0411299
5 

0.6161789
5 

0.3187132
5 

0.1274853 

Bladder 0.4386512 0.379602 0.3289884 0.2699392 0.2024544 0.1180984 0.042178 

Liver 0.8269852
5 

0.6064558
5 

0.4410588 0.3307941 0.1653970
5 

0.1102647 0 

Thyroid 0.0000364 0.0000182 0.0000084 0.0000028 0.0000014 0 0 

Oesophag
us 

0.0349285 0.0419142 0.0523927
5 

0.0733498
5 

0.0977998 0.1047855 0.0663641
5 

Ovary 1.2958434 1.0032336 0.7106238 0.4598154 0.2508084 0.0836028 0.0418014 

Other 3.435315 2.4443587
5 

1.6515937
5 

1.05702 0.5945737
5 

0.2862762
5 

0.088085 

All cancers 12.521358
9 

9.7165356
5 

8.0725668 5.6077391
5 

3.489821 1.8266971
5 

0.6114754 
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Table 7. Lifetime cancer risk (per 106) as a result of lumbar spine LAT in 

patients with obesity group 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.6107727
5 

0.6526065 0.66934 0.635873 0.5103717
5 

0.3179365 0.1255012
5 

Stomach 3.6930898
5 

2.7860151
5 

2.0085225
5 

1.295821 0.7774926 0.3887463 0.1295821 

Colon 8.0880968 6.5199964 4.951896 3.5488588 2.06329 0.9903792 0.2475948 

RBM 3.0682844
5 

3.0284366 3.1081323 2.5901102
5 

1.9525446
5 

1.3149790
5 

0.6774134
5 

Bladder 1.0495712
5 

0.8880987
5 

0.7427735 0.5651537
5 

0.3713867
5 

0.193767 0.064589 

Liver 4.6707279 3.5717331 2.4727383 1.6484922 0.9616204
5 

0.4121230
5 

0.1373743
5 

Thyroid 0.0013172
5 

0.0007903
5 

0.0002634
5 

0.0002634
5 

0 0 0 

Oesophag
us 

0.0931249 0.0931249 0.1015908 0.1185226 0.1269885 0.1269885 0.084659 

Other 7.8126462
7 

5.4920582
7 

3.7129408 2.320588 1.1989704
7 

0.4641176 0.1160294 

All cancers 29.087631
4 

23.03286 17.768197
7 

12.723683
1 

7.9626651
7 

4.2090372 1.5827433
5 

Females 

Breast 0.3048916 0.1986624 0.1158864 0.062082 0.0289716 0.0110368 0.0027592 

Lung 1.3219465 1.4223475 1.4892815 1.439081 1.1629782
5 

0.6860735 0.2426357
5 

Stomach 5.7016124 4.3410003
5 

3.1099704 2.1381046
5 

1.295821 0.6479105 0.1943731
5 

Colon 3.9615168 3.1362008 2.3934164 1.7331636 1.1554424 0.5777212 0.1650632 

RBM 1.9923925 1.7931532
5 

3.0682844
5 

1.9525446
5 

1.1555876
5 

0.5977177
5 

0.2390871 

Bladder 0.839657 0.7266262
5 

0.6297427
5 

0.516712 0.387534 0.2260615 0.0807362
5 

Liver 2.0606152
5 

1.5111178
5 

1.0989948 0.8242461 0.4121230
5 

0.2747487 0 

Thyroid 0.0068497 0.0034248
5 

0.0015807 0.0005269 0.0002634
5 

0 0 

Oesophag
us 

0.084659 0.1015908 0.1269885 0.1777839 0.2370452 0.253977 0.1608521 

Ovary 1.9697958 1.5250032 1.0802106 0.6989598 0.3812508 0.1270836 0.0635418 

Other 6.2309696
8 

4.4335745
8 

2.9956585 1.9172214
4 

1.0784370
6 

0.5192474
7 

0.1597684
5 

All cancers 24.474906
2 

19.192701
8 

16.110015 11.460426 7.2954544
6 

3.9215780
2 

1.308817 
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Table 8. Lifetime cancer risk (per 106) as a result of cervical spine AP in 

normal-weight group 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.0407632 0.0435552 0.044672 0.0424384 0.0340624 0.0212192 0.008376 

Stomach 0.0003363 0.0002537 0.0001829 0.000118 0.0000708 0.0000354 0.0000118 

Colon 0.0000294 0.0000237 0.000018 0.0000129 0.0000075 0.0000036 0.0000009 

RBM 0.0585739 0.0578132 0.0593346 0.0494455 0.0372743 0.0251031 0.0129319 

Bladder 0 0 0 0 0 0 0 

Liver 0.0005066 0.0003874 0.0002682 0.0001788 0.0001043 0.0000447 0.0000149 

Thyroid 0.1409155 0.0845493 0.0281831 0.0281831 0 0 0 

Oesophag
us 

0.0084678 0.0084678 0.0092376 0.0107772 0.011547 0.011547 0.007698 

Other 0.4643064
3 

0.3263936
3 

0.2206604
8 

0.1379128 0.0712549
5 

0.0275825
6 

0.0068956
4 

All cancers 0.7138991
3 

0.5214439
3 

0.3625568
8 

0.2690667 0.1543212
5 

0.0855355
6 

0.0359291
4 

Females 

Breast 0.025857 0.016848 0.009828 0.005265 0.002457 0.000936 0.000234 

Lung 0.0882272 0.094928 0.0993952 0.0960448 0.0776176 0.0457888 0.0161936 

Stomach 0.0005192 0.0003953 0.0002832 0.0001947 0.000118 0.000059 0.0000177 

Colon 0.0000144 0.0000114 0.0000087 0.0000063 0.0000042 0.0000021 0.0000006 

RBM 0.038035 0.0342315 0.0585739 0.0372743 0.0220603 0.0114105 0.0045642 

Bladder 0 0 0 0 0 0 0 

Liver 0.0002235 0.0001639 0.0001192 0.0000894 0.0000447 0.0000298 0 

Thyroid 0.7327606 0.3663803 0.1690986 0.0563662 0.0281831 0 0 

Oesophag
us 

0.007698 0.0092376 0.011547 0.0161658 0.0215544 0.023094 0.0146262 

Ovary 0 0 0 0 0 0 0 

Other 0.3585732
8 

0.2551386
8 

0.172391 0.1103302
4 

0.0620607
6 

0.0298811
1 

0.0091941
9 

All cancers 1.2519081
8 

0.7773346
8 

0.5212448 0.3217367
4 

0.2141000
6 

0.1112013
1 

0.0448304
9 
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Table 8. Lifetime cancer risk (per 106) as a result of cervical spine AP in 

patients with obesity group 

organ Age at exposure (Y) 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.0351787 0.0375882 0.038552 0.0366244 0.0293959 0.0183122 0.0072285 

Stomach 0.0007866 0.0005934 0.0004278 0.000276 0.0001656 0.0000828 0.0000276 

Colon 0.0000686 0.0000553 0.000042 0.0000301 0.0000175 0.0000084 0.0000021 

RBM 0.0581658 0.0574104 0.0589212 0.049101 0.0370146 0.0249282 0.0128418 

Bladder 0 0 0 0 0 0 0 

Liver 0.0009384 0.0007176 0.0004968 0.0003312 0.0001932 0.0000828 0.0000276 

Thyroid 0.1169285 0.0701571 0.0233857 0.0233857 0 0 0 

Oesophag
us 

0.0053614 0.0053614 0.0058488 0.0068236 0.007311 0.007311 0.004874 

Other 0.5281801
7 

0.3712949
7 

0.2510163
2 

0.1568852 0.0810573
5 

0.0313770
4 

0.0078442
6 

All cancers 0.7456081
7 

0.5431783
7 

0.3786906
2 

0.2734572 0.1551551
5 

0.0821024
4 

0.0328458
6 

Females 

Breast 0.0417248 0.0271872 0.0158592 0.008496 0.0039648 0.0015104 0.0003776 

Lung 0.0761402 0.081923 0.0857782 0.0828868 0.0669841 0.0395158 0.0139751 

Stomach 0.0012144 0.0009246 0.0006624 0.0004554 0.000276 0.000138 0.0000414 

Colon 0.0000336 0.0000266 0.0000203 0.0000147 0.0000098 0.0000049 0.0000014 

RBM 0.03777 0.033993 0.0581658 0.0370146 0.0219066 0.011331 0.0045324 

Bladder 0 0 0 0 0 0 0 

Liver 0.000414 0.0003036 0.0002208 0.0001656 0.0000828 0.0000552 0 

Thyroid 0.6080282 0.3040141 0.1403142 0.0467714 0.0233857 0 0 

Oesophag
us 

0.004874 0.0058488 0.007311 0.0102354 0.0136472 0.014622 0.0092606 

Ovary 0 0 0 0 0 0 0 

Other 0.4079015
2 

0.2902376
2 

0.1961065 0.1255081
6 

0.0705983
4 

0.0339917
9 

0.0104590
1 

All cancers 1.1781007
2 

0.7444585
2 

0.5044384 0.3115480
6 

0.2008553
4 

0.1011690
9 

0.0386475
1 
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Table 9. Lifetime cancer risk (per 106) as a result of cervical spine LAT in 

normal-weight group 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.0201151
5 

0.0214929 0.022044 0.0209418 0.0168085
5 

0.0104709 0.0041332
5 

Stomach 0.0002451 0.0001849 0.0001333 0.000086 0.0000516 0.0000258 0.0000086 

Colon 0.0000098 0.0000079 0.000006 0.0000043 0.0000025 0.0000012 0.0000003 

RBM 0.0610109
5 

0.0602186 0.0618033 0.0515027
5 

0.0388251
5 

0.0261475
5 

0.0134699
5 

Bladder 0 0 0 0 0 0 0 

Liver 0.0002737 0.0002093 0.0001449 0.0000966 0.0000563
5 

0.0000241
5 

0.0000080
5 

Thyroid 0.086189 0.0517134 0.0172378 0.0172378 0 0 0 

Oesophag
us 

0.0043241 0.0043241 0.0047172 0.0055034 0.0058965 0.0058965 0.003931 

Other 0.4946340
3 

0.3477130
3 

0.2350736 0.146921 0.0759091
8 

0.0293842 0.0073460
5 

All cancers 0.6668018
3 

0.4858641
3 

0.3411601 0.2422936
5 

0.1375498
3 

0.0719503 0.0288972 

Females 

Breast 0.0071935
5 

0.0046872 0.0027342 0.0014647
5 

0.0006835
5 

0.0002604 0.0000651 

Lung 0.0435369 0.0468435 0.0490479 0.0473946 0.0383014
5 

0.0225951 0.0079909
5 

Stomach 0.0003784 0.0002881 0.0002064 0.0001419 0.000086 0.000043 0.0000129 

Colon 0.0000048 0.0000038 0.0000029 0.0000021 0.0000014 0.0000007 0.0000002 

RBM 0.0396175 0.0356557
5 

0.0610109
5 

0.0388251
5 

0.0229781
5 

0.0118852
5 

0.0047541 

Bladder 0 0 0 0 0 0 0 

Liver 0.0001207
5 

0.0000885
5 

0.0000644 0.0000483 0.0000241
5 

0.0000161 0 

Thyroid 0.4481828 0.2240914 0.1034268 0.0344756 0.0172378 0 0 

Oesophag
us 

0.003931 0.0047172 0.0058965 0.0082551 0.0110068 0.011793 0.0074689 

Ovary 0 0 0 0 0 0 0 

Other 0.3819946 0.2718038
5 

0.1836512
5 

0.1175368 0.0661144
5 

0.0318328
8 

0.0097947
3 

All cancers 0.9249603 0.5881793
5 

0.4060413 0.2481443 0.1564337
5 

0.0784264
3 

0.0300868
8 
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Table 10. Lifetime cancer risk (per 106) as a result of cervical spine LAT in 

patients with obesity group 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.0292547
5 

0.0312585 0.03206 0.030457 0.0244457
5 

0.0152285 0.0060112
5 

Stomach 0.0006298
5 

0.0004751
5 

0.0003425
5 

0.000221 0.0001326 0.0000663 0.0000221 

Colon 0.0000686 0.0000553 0.000042 0.0000301 0.0000175 0.0000084 0.0000021 

RBM 0.0596288 0.0588544 0.0604032 0.050336 0.0379456 0.0255552 0.0131648 

Bladder 0 0 0 0 0 0 0 

Liver 0.0007259 0.0005551 0.0003843 0.0002562 0.0001494
5 

0.0000640
5 

0.0000213
5 

Thyroid 0.0759387
5 

0.0455632
5 

0.0151877
5 

0.0151877
5 

0 0 0 

Oesophag
us 

0.004433 0.004433 0.004836 0.005642 0.006045 0.006045 0.00403 

Other 0.4578175
1 

0.3218321
1 

0.2175766
4 

0.1359854 0.0702591
2 

0.0271970
8 

0.0067992
7 

All cancers 0.6284971
6 

0.4630268
1 

0.3308324
4 

0.2381154
5 

0.1389950
2 

0.0741645
3 

0.0300508
7 

Females 

Breast 0.0103538
5 

0.0067464 0.0039354 0.0021082
5 

0.0009838
5 

0.0003748 0.0000937 

Lung 0.0633185 0.0681275 0.0713335 0.068929 0.0557042
5 

0.0328615 0.0116217
5 

Stomach 0.0009724 0.0007403
5 

0.0005304 0.0003646
5 

0.000221 0.0001105 0.0000331
5 

Colon 0.0000336 0.0000266 0.0000203 0.0000147 0.0000098 0.0000049 0.0000014 

RBM 0.03872 0.034848 0.0596288 0.0379456 0.0224576 0.011616 0.0046464 

Bladder 0 0 0 0 0 0 0 

Liver 0.0003202
5 

0.0002348
5 

0.0001708 0.0001281 0.0000640
5 

0.0000427 0 

Thyroid 0.3948815 0.1974407
5 

0.0911265 0.0303755 0.0151877
5 

0 0 

Oesophag
us 

0.00403 0.004836 0.006045 0.008463 0.011284 0.01209 0.007657 

Ovary 0 0 0 0 0 0 0 

Other 0.3535625
6 

0.2515733
6 

0.169982 0.1087884
8 

0.0611935
2 

0.0294635
5 

0.0090657
1 

All cancers 0.8661926
6 

0.5645738
1 

0.4027727 0.2571172
8 

0.1671058
2 

0.0865639
5 

0.0331191
1 
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Table 11. Lifetime cancer risk (per 106) as a result of pelvis AP in normal-

weight group  

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.0033945 0.003627 0.00372 0.003534 0.0028365 0.001767 0.0006975 

Stomach 0.1333344 0.1005856 0.072515
2 

0.046784 0.0280704 0.0140352 0.0046784 

Colon 4.4179772 3.5614306 2.704884 1.9385002 1.127035 0.5409768 0.1352442 

RBM 0.6151838 0.6071944 0.623173
2 

0.519311 0.3914806 0.2636502 0.1358198 

Bladder 6.7376595 5.7010965 4.768189
8 

3.6279705 2.3840949 1.2438756 0.4146252 

Liver 0.0429964 0.0328796 0.022762
8 

0.0151752 0.0088522 0.0037938 0.0012646 

Thyroid 0 0 0 0 0 0 0 

Oesophagu
s 

0.0013926 0.0013926 0.001519
2 

0.0017724 0.001899 0.001899 0.001266 

Other 2.2120144
7 

1.5549804
7 

1.051254
4 

0.657034 0.3394675
7 

0.1314068 0.0328517 

All cancers 14.163952
9 

11.563186
8 

9.248018
6 

6.8100813 4.2837361
7 

2.2014044 0.7264474 

Females 

Breast 0.0337025 0.02196 0.01281 0.0068625 0.0032025 0.00122 0.000305 

Lung 0.007347 0.007905 0.008277 0.007998 0.0064635 0.003813 0.0013485 

Stomach 0.2058496 0.1567264 0.112281
6 

0.0771936 0.046784 0.023392 0.0070176 

Colon 2.1639072 1.7130932 1.307360
6 

0.9467094 0.6311396 0.3155698 0.0901628 

RBM 0.39947 0.359523 0.615183
8 

0.3914806 0.2316926 0.119841 0.0479364 

Bladder 5.3901276 4.6645335 4.042595
7 

3.3170016 2.4877512 1.4511882 0.5182815 

Liver 0.018969 0.0139106 0.010116
8 

0.0075876 0.0037938 0.0025292 0 

Thyroid 0 0 0 0 0 0 0 

Oesophagu
s 

0.001266 0.0015192 0.001899 0.0026586 0.0035448 0.003798 0.0024054 

Ovary 1.3250671 1.0258584 0.726649
7 

0.4701851 0.2564646 0.0854882 0.0427441 

Other 1.5275790
4 

1.0869312
4 

0.734413 0.4700243
2 

0.2643886
8 

0.1272982
5 

0.0391686
9 

All cancers 11.073285 9.0519605
4 

7.571587
2 

5.6977013
2 

3.9352252
8 

2.1341376
5 

0.7493699
9 
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Table 12. Lifetime cancer risk (per 106) as a result of pelvis AP in patients 

with obesity group 

 20-29 30-39 40-49 50-59 60-69 70-79 80-89 

Males 

Lung 0.0072124 0.0077064 0.007904 0.0075088 0.0060268 0.0037544 0.001482 

Stomach 0.1986165 0.1498335 0.1080195 0.06969 0.041814 0.020907 0.006969 

Colon 4.343213 3.5011615 2.65911 1.9056955 1.1079625 0.531822 0.1329555 

RBM 0.4821663 0.4759044 0.4884282 0.4070235 0.3068331 0.2066427 0.1064523 

Bladder 7.97303 6.74641 5.642452 4.29317 2.821226 1.471944 0.490648 

Liver 0.0649536 0.0496704 0.0343872 0.0229248 0.0133728 0.0057312 0.0019104 

Thyroid 0 0 0 0 0 0 0 

Oesophag
us 

0.0021274 0.0021274 0.0023208 0.0027076 0.002901 0.002901 0.001934 

Other 2.3758916
8 

1.6701812
8 

1.1291366
4 

0.7057104 0.3646170
4 

0.1411420
8 

0.0352855
2 

All cancers 15.447210
9 

12.602994
9 

10.071758
3 

7.4144306 4.6647532
4 

2.3848443
8 

0.7776367
2 

Females 

Breast 0.0846209 0.0551376 0.0321636 0.0172305 0.0080409 0.0030632 0.0007658 

Lung 0.0156104 0.016796 0.0175864 0.0169936 0.0137332 0.0081016 0.0028652 

Stomach 0.306636 0.2334615 0.167256 0.1149885 0.06969 0.034845 0.0104535 

Colon 2.127288 1.684103 1.2852365 0.9306885 0.620459 0.3102295 0.088637 

RBM 0.313095 0.2817855 0.4821663 0.3068331 0.1815951 0.0939285 0.0375714 

Bladder 6.378424 5.51979 4.783818 3.925184 2.943888 1.717268 0.61331 

Liver 0.028656 0.0210144 0.0152832 0.0114624 0.0057312 0.0038208 0 

Thyroid 0 0 0 0 0 0 0 

Oesophag
us 

0.001934 0.0023208 0.002901 0.0040614 0.0054152 0.005802 0.0036746 

Ovary 1.1574315 0.896076 0.6347205 0.4107015 0.224019 0.074673 0.0373365 

Other 1.5828352
8 

1.1262481
8 

0.7609785 0.4870262
4 

0.2739522
6 

0.1319029
4 

0.0405855
2 

All cancers 11.996531
1 

9.8367329
8 

8.18211 6.2251697
4 

4.3465238
6 

2.3836345
4 

0.8351995
2 
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Appendix 6 COSHH form for the fabrication of trial samples 

Assessment Reference Number: Physcial Phantom- Saeed Alqahtani Trial 

Date of Assessment : 07/10/16 

Review Date: 

Annually as standard or more frequently if (see examples below): 

Change to process or substance    Changes in personnel (vulnerability) 

Control measures are failing    Following an incident/accident/case of ill health 

Changes in toxicity information/revised MSDS Changes in frequency/quantity used 

 

Building / Laboratory / Work Area:  

The Main Laboratory, University of Exeter Medical School 

St Luke’s Campus 

 

COSHH Assessors Name: Georgina Hudson 

Identify the persons carrying out the 

process / using this/these substance(s) 

 Saeed Alqahtani 

Who is likely to be exposed?  

(highlight as appropriate) 

Staff and/or 

Student(s) 
Visitors Maintenance 

 

Other 

Groups 

Give details 

How many people are likely to be 

exposed?  

(highlight as appropriate) 

0-5 6-9 >10 

Any vulnerable or high risks groups 

likely to be exposed? 

(highlight as appropriate) 

Young Person 

(staff or student under 18) 

Pregnant Workers 

(staff or student) 

 

Other Groups 

Give details 

List relevant MSDS forms 

caco3.pdf, MSDSGY 6010.pdf,  PhenolicMicroBalloonsMSDS.pdf,  PMC-121-

SERIES.pdf,  Silicone dioxide.pdf COSHH_assessment_Medical imaging Torso 

build (2.).doc 

Process details: 

NB: If you are working with micro-organism(s) or biological agents please refer to the Microbiology Risk Assessment for 

information.  
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If working with Nano-materials please refer to the Working Safely with Nanomaterials in Research & Development 

guidance document 

For work with chemicals continue completing this form. 

The materials noted in this document will be used to produce trial sample of urethane rubber which will 

eventually be produced in larger quantities (See COSSH_assessment_Medical imaging Torso build.doc). The aim 

of this trial will be to assess potential health and safety risks of using larger quantities, and to establish an 

effective method of mixing the materials effectively.  

PMC 121/30 dry will be used to mimic soft tissue density. Part A and B of the PMC will be mixed 1:1, then 23% of 

Calcium Carbonate will be added. A second lot of PMC A & B will be mixed 1:1 and then added to 2% of phenolic 

micro-spheres to achieve the desired density. The rubber will then be left to set for approximately 16 hours. 

 

 

What products/substances are being used in the process? 

 

Products / 

Substance(s) 

in process 

Hazard or Risk 

phrases defined 

for this product in 

the Material 

Safety Data Sheet 

Red, 

Amber, 

Green, 

(R,A,G,)  

What form is this 

hazard? 

Quantity 

Used / 

Stored? 

Length of 

Time 

Used? 

(Duration) 

How 

often is it 

used? 

(Frequency) 

Is there a Workplace 

Exposure Limit for 

this product / 

substance? 

 

PMC-121 

Series 

(Polyurethane 

Elastomer)  

 

H302/H312/H332/H

315/H319/H335/H3

51/H360FD/ 

Harmful if 

swallowed/if in 

contact with skin/if 

inhaled/ causes skin 

irritation/ causes 

serious eye 

irritation/ suspected 

of causing cancer/ 

may damage fertility 

or the unborn child 

 

 

R 

Gas   

750g 

 

1hr 

 

<5 times a 

year 

Contains  Toluene-2,6-

diisocyanate and 

Toluene-2,4-diisocyanate 

TWA: 0.005 ppm 0.04 

mg/m3 

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 

 

 

Calcium 

Carbonate   

Not considered 

hazardous 

G Gas  20g 1hr <5 times a 

year 

N/A 

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 
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Phenoset 

Microspheres 

May cause eye 

irritation 

This material may 

contain trace 

amount (<0.001%) of 

free formaldehyde, 

which is listed by 

IARC, NTP and OSHA 

as a carcinogen. 

G Gas  20g 1hr <5 times a 

year 

N/A 

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 

 

   Gas      

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 

 

   Gas      

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 
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STOP CHECK AND CONSIDER THE NEXT QUESTION CAREFULLY 

Can product(s) / substance(s) be 

substituted? 

Y/N Describe the options and the elimination / substitution process 

Can you eliminate any of the 

substances? 

 

N 

 

Can you substitute any of the 

substances with less hazardous 

products? 

N  

Are any of the substances being mixed? 

Number of 

substances being 

mixed 

 

Highest risk 

(RAG) of the 

substances to 

be mixed? 

 
OVERALL RISK OF THE 

SUBSTANCE(S) (without 

control measures in place) 

RED 

AMBER 

GREEN 

NB: Treat overall assessment as highest risk (RAG) 

Is the process likely to create new hazards or enhance any existing hazards e.g. producing a 

violent or highly exothermic reaction, toxic fumes, by-products etc.? 
Y / N 

If Yes, detail any additional control 

measures that need to be in place 
 

What are the risks of fire and/or explosion etc.? 

Is there a risk of fire? Y / N 

Is there a risk of explosion? Y / N 

Is there a risk of toxic fumes? Y / N 

Is there any other associated fire related risk with this process? Y / N 

If Yes to any of the above, detail any 

additional control measures that need to be 

in place. 

 

 

NB: A separate risk assessment may be also required in accordance with the Dangerous Substances and 

Explosive Atmospheres Regulations (DSEAR). 
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What are the health effects? 

Possible route of entry into the body? 

Detail the health effects? (refer to the Material Safety Data 

Sheet) 

Consider both short-term and long-term health effects where 

applicable 

Ingestion Y / N 
Polyurethane Elastomer may cause cancer. Organ specific damage: Respiratory. 

Polyurethane Elastomer may also affect fertility or an unborn child. 

Inhalation Y / N 
 Polyurethane Elastomer may cause asthma, lung edema, wheezing, shortness of breath, 

breathing difficulties and reduced lung function. 

Contact e.g. skin Y / N 
Chemicals may cause irritation, allergic skin reactions, and can causes burns to the skin. 

Polyurethane Elastomer may also cause eczema 

Absorption via skin 

and/or mucus 

membrane e.g. eyes, 

nose, mouth 

Y / N 

Can cause serious eye irritation and is harmful. 

Other e.g. young 

persons, pregnancy 
Y / N 

 

What are the first aid requirements: (consult the MSDS for details) 

Ingestion  

Get medical attention immediately. Wash out mouth with water. Move exposed person to fresh air. Do not induce 

vomiting unless directed to do so by medical personnel. 

Chemical burns must be treated promptly by a physician. Never give anything by mouth to an unconscious person. 

Inhalation  

Get medical attention immediately. Move exposed person to fresh air. If it is suspected that fumes are still present, the 

rescuer should wear an appropriate mask or self-contained breathing apparatus. Keep person warm and at rest. If not 

breathing, if breathing is irregular or if respiratory arrest occurs, provide artificial respiration or oxygen by trained 

personnel. It may be dangerous to the person providing aid to give mouth-to mouth resuscitation. If unconscious, place 

in recovery position and get medical attention immediately. Maintain an open airway. Loosen tight clothing such as a 

collar, tie, belt or waistband. In case of inhalation of decomposition products in a fire, symptoms may be delayed. The 

exposed person may need to be kept under medical surveillance for 48 hours. 

Contact e.g. skin 

Get medical attention immediately. Flush contaminated skin with plenty of water. 

Remove contaminated clothing and shoes. Wash contaminated clothing thoroughly with water before removing or wear 

gloves. Continue to rinse for at least 10 minutes. 

Chemical burns must be treated promptly by a physician. Wash clothing before reuse. 

Clean shoes thoroughly before reuse. 

Absorption e.g. eyes, 

nose, mouth, skin 

Get medical attention immediately. Immediately flush eyes with plenty of water, occasionally lifting the upper and lower 

eyelids. Check for and remove any contact lenses. Continue to rinse for at least 15 minutes. Chemical burns must be 

treated promptly by a physician. 

What are the required controls measures? 

 Describe the arrangements 
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Enclosed System e.g. glove box Y / N  

Fume Cabinet Y / N  

Extractor / Hood / Local Exhaust Ventilation Y / N 
For this trial we will be using a fume hood situated in 

the main laboratory. 

Ventilation / Air Change 

(If unknown seek advice from EDS/Campus 

Services) 

Y / N  

Biological Safety Cabinet Y / N  

Sensors and / or alarms Y / N  

Personal Protective Equipment  

(see details below) 

Y / N  

Other: Y / N 
Sensible shoes and emergency shower and eye wash 

stations recommended. 

What are the PPE requirements (in addition to the standard issue laboratory coat)  

 

Eye 

Protection 

 

Respiratory 

Protection 

 

Face 

protection 

 

Gloves 
Hard Hat 

 

Ear 

Defenders  

 

Safety 

footwear 

 

Outer 

layer 

 

Apron 

Other: 

 

Y / N Y / N Y / N Y / N Y / N Y / N Y / N Y / N Y / N Y / N 

Describe the type / make/ model of PPE to be used – refer to the Material Safety Data Sheet(s) for guidance 

  e.g. Non 

UV 

resistant / 

UV 

resistant 

Butyl or 

PVC 

  e.g. toe 

protection 

/ sole 

protection 

   

STOP CHECK AND CONSIDER THE USE OF PERSONAL PROTECTIVE EQUIPMENT (PPE) CAREFULLY 

Where Respirators (inc. FFP2 or 3 disposable masks) are required - face fit tests can be arranged for staff and 

students?  Consult your Supervisor for advice or contact Safety@exeter.ac.uk to book an appointment. 

Are there any Health Surveillance requirements to be considered?  

Consult your Supervisor for advice and guidance or contact occupationalhealth@exeter.ac.uk to book an 

appointment 

The linked image cannot be displayed.  The file may have  
been moved, renamed, or deleted. Verify that the link points  
to the correct file and location.
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What actions to be taken in the event of spillage(s) and/or other emergency situations? 

NB: Refer to Material Safety Data Sheet(s) for guidance 

Small Quantity <500ml 

PPE should be worn at all times. Absorbent material such as paper towels 

should be used to clean up the spillage. It should then be placed into an 

appropriate container (As supplied in the spill kit) and disposed of via an 

approved clinical waste contractor. The spill area should then be washed in 

diluted ammonia solution. 

Large Quantity >500ml 

PPE should be worn at all times. Only attempt to clean if it is safe to do so (i.e. 

the area is well ventilated and there is low volumes of dust and vapour). 

Approach released substance from upwind. Contain and collect spillage with 

non-combustible absorbent material i.e. sand, earth, vermiculite or 

diatomaceous earth. Place in an appropriate container (as supplied in spill kit) 

and dispose of via an approved clinical waste contractor. Prevent entry into 

sewers and water systems. The spill area should then be washed in diluted 

ammonia solution. 

Do you have correct spill kit provisions to deal with spills (should they occur)? Y / N 

Are there any other emergency situations (not referenced above) to be considered? Y / N 

If Yes, detail any additional control 

measures that need to be in place 

 

What are the storage requirements for substances used during this process? 

NB: Refer to Material Safety Data Sheet(s) for guidance 

Are there any specific storage requirements for substances? 

(Is there a maximum recommended volume/quantity to be stored in one place or a specific temperature, type 

of cabinet, segregation etc.?) Also consider in laboratory and in holding areas for disposal 

Y / N 

If Yes, detail the storage arrangements that 

need to be in place  

Refer to Material Safety Data Sheet(s) for 

guidance 

PMC-121 Series (Polyurethane Elastomer) : Store in a cool, dry well ventilated space. 

Calcium Carbonate: Keep container tightly sealed, in a cool well ventilated area. 

Phenoset Microspheres: May undergo spontaneous smouldering if stored in 

temperatures above 35 degrees. Store in a cool, well ventilated area. 
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How should the substances used be disposed of?  

(include environmental impacts and by-products in your explanation if appropriate) 

NB: Refer to Material Safety Data Sheet(s) for guidance  

Dispose of as hazardous waste via approved chemical waste contractor. Do not dispose waste into drains or 

sinks.   

What are the management arrangements i.e. Training, SOP’s, Communication etc.? 

How will this risk assessment be communicated? 

(i.e. how will staff/students be informed of this assessment?) 

All individuals exposed will be directed to relevant COSHH forms, SOP’s and MSDS available on the shared 

network (PCMD- UEMS Medical Imaging- UEMS MI Health and Safety). Paper copies available in the lab. 

Are Safe Systems of Work (SSoW) / Standard Operating Procedure (SOP) needed for this 

product/task/process in addition to this risk assessment? 
Y / N 

If Yes, detail / append the SSoW and/or the 

SOP if applicable 

 

Are training requirements necessary and who will provide this? Y / N 

If Yes, detail any specialist training required 

to undertake this process and who will 

provide said training 

 

Are there any remaining (residual) risks to be operationally managed? Y / N 

If Yes, detail any specific risks to be 

considered (e.g. pregnancy, vulnerable 

people, etc.)? 

 

Actions 

Use the table below to record actions to be taken if additional control measures  

are needed to meet the requirements of this risk assessment (identified above) 

No. Action (describe) By Target Date 
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Who? Date Completed 

  

 

   

  

 

   

  

 

   

  

 

   

 

OVERALL RISK RATING OF THIS PROCESS (with control measures in place) 

 

RED 
Control Measures Cannot be Implemented - Refer to Supervisor – Do Not 

Proceed 

AMBER 
Partial Control Measures Implemented - Further Controls Required-  Refer 

to Supervisor – Do Not Proceed 

GREEN 

All Control Measures Implemented - Assessor to sign the risk assessment, 

Approver can then complete their sections once satisfied that the 

process/task etc. can proceed 

 

 

COSHH/Risk Assessments Cross-Reference 

COSHH   

Risk Assessments   

 

 

Approval Process 

COSHH Assessors Signature: 
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Assessors Name: GEORGINA HUDSON 

Date: 10/10/2016 

Confirmation received that all 

actions have been completed and 

the required control measures are 

in place:  

Yes / No 

Confirmation that relevant MSDS 

are attached and have been read: 
Yes / No 

Process Supervisors Name: 
e.g. Principal Investigator, Line Manager 

KIRSTIE PARNELL 

Approval Date:  

Confirmation that a copy is stored 

locally with the Laboratory 

Manager: 
Yes / No 

 

NB: Keep a copy of this risk assessment for your own records 
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COSHH for LTES fabrication 

Assessment Reference Number: Soft (Lean) Tissue Mimicking x-ray Phantom  

Date of Assessment : 02/02/2017 

Review Date: 

Annually as standard or more frequently if (see examples below): 

Change to process or substance    Changes in personnel (vulnerability) 

Control measures are failing    Following an incident/accident/case of ill health 

Changes in toxicity information/revised MSDS Changes in frequency/quantity used 

 

Building / Laboratory / Work Area:  

The Main Laboratory, University of Exeter Medical School 

St Luke’s Campus 

 

COSHH Assessors Name: Saeed Alqahtani 

Identify the persons carrying out the 

process / using this/these substance(s) 

 Saeed Alqahtani 

Who is likely to be exposed?  

(highlight as appropriate) 

Staff and/or 

Student(s) 
Visitors Maintenance 

 

Other 

Groups 

Give details 

How many people are likely to be 

exposed?  

(highlight as appropriate) 

0-5 6-9 >10 

Any vulnerable or high risks groups 

likely to be exposed? 

(highlight as appropriate) 

Young Person 

(staff or student under 18) 

Pregnant Workers 

(staff or student) 

 

Other Groups 

Give details 

List relevant MSDS forms caco3.pdf,  PMC-121-SERIES.pdf,   

Process details: 

NB: If you are working with micro-organism(s) or biological agents please refer to the Microbiology Risk Assessment for 

information.  

If working with Nano-materials please refer to the Working Safely with Nanomaterials in Research & Development 
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guidance document 

For work with chemicals continue completing this form. 

The materials noted in this document will be used to produce multiple sheets of urethane based rubber which is 

believed to mimic lean tissue in regard to x-ray attenuation coefficient. The aim of building these materials is to 

conduct an ionising radiation dose optimisation experiments. 

PMC 121/30 dry will be used to mimic lean tissue density along with small quantity of calcium carbonate. Part A 

and B of the PMC will be mixed 1:1, then 2.8% of calcium carbonate will be added to achieve the desired density. 

The rubber will then be left to set for approximately 16 hours before the final use. 

 

What products/substances are being used in the process? 

 

Products / 

Substance(s) 

in process 

Hazard or Risk 

phrases defined 

for this product in 

the Material 

Safety Data Sheet 

Red, 

Amber, 

Green, 

(R,A,G,)  

What form is this 

hazard? 

Quantity 

Used / 

Stored? 

Length of 

Time 

Used? 

(Duration) 

How 

often is it 

used? 

(Frequency) 

Is there a Workplace 

Exposure Limit for 

this product / 

substance? 

 

PMC-121 

Series 

(Polyurethane 

Elastomer)  

 

H302/H312/H332/H

315/H319/H335/H3

51/H360FD/ 

Harmful if 

swallowed/if in 

contact with skin/if 

inhaled/ causes skin 

irritation/ causes 

serious eye 

irritation/ suspected 

of causing cancer/ 

may damage fertility 

or the unborn child 

 

 

R 

Gas   

3.5 kg 

 

1hr 

 

<10 times a 

year 

Contains  Toluene-2,6-

diisocyanate and 

Toluene-2,4-diisocyanate 

TWA: 0.005 ppm 0.04 

mg/m3 

Liquid √ 

Vapour  

Fume  

Solid/ 

Powder/ Dust 

 

 

Calcium 

Carbonate   

Not considered 

hazardous 

G Gas  70 g 1hr <10 times a 

year 

N/A 

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 

√ 

   Gas      

Liquid  
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Vapour  

Fume  

Solid/ 

Powder/ Dust 

 

   Gas      

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 

 

   Gas      

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 
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STOP CHECK AND CONSIDER THE NEXT QUESTION CAREFULLY 

Can product(s) / substance(s) be 

substituted? 

Y/N Describe the options and the elimination / substitution process 

Can you eliminate any of the 

substances? 

 

N 

 

Can you substitute any of the 

substances with less hazardous 

products? 

N  

Are any of the substances being mixed? 

Number of 

substances being 

mixed 

2 

Highest risk 

(RAG) of the 

substances to 

be mixed? 

 
OVERALL RISK OF THE 

SUBSTANCE(S) (without 

control measures in place) 

RED 

AMBER 

GREEN 

NB: Treat overall assessment as highest risk (RAG) 

Is the process likely to create new hazards or enhance any existing hazards e.g. producing a 

violent or highly exothermic reaction, toxic fumes, by-products etc.? 
Y / N 

If Yes, detail any additional control 

measures that need to be in place 
 

What are the risks of fire and/or explosion etc.? 

Is there a risk of fire? Y / N 

Is there a risk of explosion? Y / N 

Is there a risk of toxic fumes? Y / N 

Is there any other associated fire related risk with this process? Y / N 

If Yes to any of the above, detail any 

additional control measures that need to be 

in place. 

 

 

NB: A separate risk assessment may be also required in accordance with the Dangerous Substances and 

Explosive Atmospheres Regulations (DSEAR). 
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What are the health effects? 

Possible route of entry into the body? 

Detail the health effects? (refer to the Material Safety Data 

Sheet) 

Consider both short-term and long-term health effects where 

applicable 

Ingestion Y / N 
Polyurethane Elastomer may cause cancer. Organ specific damage: Respiratory. 

Polyurethane Elastomer may also affect fertility or an unborn child. 

Inhalation Y / N 
 Polyurethane Elastomer may cause asthma, lung edema, wheezing, shortness of breath, 

breathing difficulties and reduced lung function. 

Contact e.g. skin Y / N 
Chemicals may cause irritation, allergic skin reactions, and can causes burns to the skin. 

Polyurethane Elastomer may also cause eczema 

Absorption via skin 

and/or mucus 

membrane e.g. eyes, 

nose, mouth 

Y / N 

Can cause serious eye irritation and is harmful. 

Other e.g. young 

persons, pregnancy 
Y / N 

 

What are the first aid requirements: (consult the MSDS for details) 

Ingestion  

Get medical attention immediately. Wash out mouth with water. Move exposed person to fresh air. Do not induce 

vomiting unless directed to do so by medical personnel. 

Chemical burns must be treated promptly by a physician. Never give anything by mouth to an unconscious person. 

Inhalation  
Move exposed person to fresh air. Get medical attention immediately, loosen tight clothing such as a collar, tie, belt or 

waistband. Symptoms may be delayed 

Contact e.g. skin 

Get medical attention immediately. Remove contaminated clothing and shoes. 

Flush contaminated skin with plenty of water. 

Chemical burns must be treated promptly by a physician. Wash clothing before reuse. Clean shoes thoroughly before 

reuse 

. 

Absorption e.g. eyes, 

nose, mouth, skin 

Get medical attention immediately. Immediately flush eyes with plenty of water, occasionally lifting the upper and lower 

eyelids. Check for and remove any contact lenses. Continue to rinse for at least 15 minutes. Chemical burns must be 

treated promptly by a physician. 

What are the required controls measures? 

 Describe the arrangements 

Enclosed System e.g. glove box Y / N  

Fume Cabinet Y / N  MUST be carried out in fume hood 



 
 
 

325 
 

Extractor / Hood / Local Exhaust Ventilation Y / N  

Ventilation / Air Change 

(If unknown seek advice from EDS/Campus 

Services) 

Y / N  

Biological Safety Cabinet Y / N  

Sensors and / or alarms Y / N  

Personal Protective Equipment  

(see details below) 

Y / N  

Other: Y / N 
Sensible shoes and emergency shower and eye wash 

stations recommended. 

What are the PPE requirements (in addition to the standard issue laboratory coat)  

 

Eye 

Protection 

 

Respiratory 

Protection 

 

Face 

protection 

 

Gloves 
Hard Hat 

 

Ear 

Defenders  

 

Safety 

footwear 

 

Outer 

layer 

 

Apron 

Other: 

 

Y / N Y / N Y / N Y / N Y / N Y / N Y / N Y / N Y / N Y / N 

Describe the type / make/ model of PPE to be used – refer to the Material Safety Data Sheet(s) for guidance 

Not 

necessary 

if 

working 

in 

fumehoo

d with 

sash as 

low down    

as 

possible 

Not 

necessary 

if working 

in 

fumehood 

with sash 

as low 

down    as 

possible 

 Nitrile    No open 

toed shoes 

   

STOP CHECK AND CONSIDER THE USE OF PERSONAL PROTECTIVE EQUIPMENT (PPE) CAREFULLY 

Where Respirators (inc. FFP2 or 3 disposable masks) are required - face fit tests can be arranged for staff and 

students?  Consult your Supervisor for advice or contact Safety@exeter.ac.uk to book an appointment. 

Are there any Health Surveillance requirements to be considered?  

Consult your Supervisor for advice and guidance or contact occupationalhealth@exeter.ac.uk to book an 

appointment 

The linked image cannot be displayed.  The file may have  
been moved, renamed, or deleted. Verify that the link points  
to the correct file and location.
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What actions to be taken in the event of spillage(s) and/or other emergency situations? 

NB: Refer to Material Safety Data Sheet(s) for guidance 

Small Quantity <500ml 

PPE should be worn at all times. Absorbent material such as paper towels 

should be used to clean up the spillage. It should then be placed into an 

appropriate container (As supplied in the spill kit) and disposed of via an 

approved clinical waste contractor.  

Large Quantity >500ml 

PPE should be worn at all times. Only attempt to clean if it is safe to do so (i.e. 

the area is well ventilated and there is low volumes of dust and vapour). 

Approach released substance from upwind. Contain and collect spillage with 

non-combustible absorbent material i.e. sand, earth, vermiculite or 

diatomaceous earth. Place in an appropriate container (as supplied in spill kit) 

and dispose of via an approved clinical waste contractor. Prevent entry into 

sewers and water systems.  

Do you have correct spill kit provisions to deal with spills (should they occur)? Y / N 

Are there any other emergency situations (not referenced above) to be considered? Y / N 

If Yes, detail any additional control 

measures that need to be in place 

To make any spillage inside the fume hood more controllable, 

a plastic sheet will cover the entire ground surface of the fume 

hood. After finishing the experiment, the plastic sheet will be 

removed and disposed of in the chemical waste bin. 

What are the storage requirements for substances used during this process? 

NB: Refer to Material Safety Data Sheet(s) for guidance 

Are there any specific storage requirements for substances? 

(Is there a maximum recommended volume/quantity to be stored in one place or a specific temperature, type 

of cabinet, segregation etc.?) Also consider in laboratory and in holding areas for disposal 

Y / N 

If Yes, detail the storage arrangements that 

need to be in place  

Refer to Material Safety Data Sheet(s) for 

guidance 

PMC-121 Series (Polyurethane Elastomer) : Keep container(s) tightly closed and properly 

labeled. Store in cool (65 – 105 °F), dry, well ventilated place away from heat, direct 

sunlight, strong oxidizers, bases and any incompatibles. Store in approved containers 

and protect against physical damage. Keep containers securely sealed when not in use.. 

Containers that have been opened must be carefully resealed to prevent leakage. Empty 

containers retain residue and may be dangerous. Avoid water contamination as CO2 

forms and pressure builds up.  

 

Calcium Carbonate: Keep container tightly sealed, in a cool well ventilated area, 

hygroscopic.  
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How should the substances used be disposed of?  

(include environmental impacts and by-products in your explanation if appropriate) 

NB: Refer to Material Safety Data Sheet(s) for guidance  

Dispose of as hazardous waste via approved chemical waste contractor. Do not dispose waste into drains or 

sinks. Inform lab manager of quantities for disposal 

What are the management arrangements i.e. Training, SOP’s, Communication etc.? 

How will this risk assessment be communicated? 

(i.e. how will staff/students be informed of this assessment?) 

All individuals exposed will be directed to relevant COSHH forms, SOP’s and MSDS available on the shared 

network (PCMD- UEMS Medical Imaging- UEMS MI Health and Safety). Paper copies available in the lab. 

Are Safe Systems of Work (SSoW) / Standard Operating Procedure (SOP) needed for this 

product/task/process in addition to this risk assessment? 
Y / N 

If Yes, detail / append the SSoW and/or the 

SOP if applicable 

Protocol for preparing a tissue mimicking x-ray phantom 

Are training requirements necessary and who will provide this? Y / N 

If Yes, detail any specialist training required 

to undertake this process and who will 

provide said training 

 

Are there any remaining (residual) risks to be operationally managed? Y / N 

If Yes, detail any specific risks to be 

considered (e.g. pregnancy, vulnerable 

people, etc.)? 

 

Actions 

Use the table below to record actions to be taken if additional control measures  

are needed to meet the requirements of this risk assessment (identified above) 

No. Action (describe) By Target Date 
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Who? Date Completed 

     

  

 

   

  

 

   

  

 

   

 

OVERALL RISK RATING OF THIS PROCESS (with control measures in place) 

 

RED 
Control Measures Cannot be Implemented - Refer to Supervisor – Do Not 

Proceed 

AMBER 
Partial Control Measures Implemented - Further Controls Required-  Refer 

to Supervisor – Do Not Proceed 

GREEN 

All Control Measures Implemented - Assessor to sign the risk assessment, 

Approver can then complete their sections once satisfied that the 

process/task etc. can proceed 

 

 

COSHH/Risk Assessments Cross-Reference 

COSHH   

Risk Assessments   

 

 

Approval Process 

COSHH Assessors Signature: Saeed 

Assessors Name: Saeed Alqahtani 

Date: 02/02/2017 

Confirmation received that all Yes / No 
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actions have been completed and 

the required control measures are 

in place:  

Confirmation that relevant MSDS 

are attached and have been read: 
Yes / No 

Process Supervisors Name: 
e.g. Principal Investigator, Line Manager 

Dr Rachel M Palfrey 

Approval Date: 07/03/2017 

Confirmation that a copy is stored 

locally with the Laboratory 

Manager: 
Yes / No 

 

NB: Keep a copy of this risk assessment for your own records 
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COSHH for FTES fabrication 

Assessment Reference Number: Adipose (Fat) Tissue mimicking x-ray Phantom 

Date of Assessment : 02/02/2017 

Review Date: 

Annually as standard or more frequently if (see examples below): 

Change to process or substance    Changes in personnel (vulnerability) 

Control measures are failing    Following an incident/accident/case of ill health 

Changes in toxicity information/revised MSDS Changes in frequency/quantity used 

 

Building / Laboratory / Work Area:  

The Main Laboratory, University of Exeter Medical School 

St Luke’s Campus 

 

COSHH Assessors Name: Saeed Alqahtani 

Identify the persons carrying out the 

process / using this/these substance(s) 

 Saeed Alqahtani 

Who is likely to be exposed?  

(highlight as appropriate) 

Staff and/or 

Student(s) 
Visitors Maintenance 

 

Other 

Groups 

Give details 

How many people are likely to be 

exposed?  

(highlight as appropriate) 

0-5 6-9 >10 

Any vulnerable or high risks groups 

likely to be exposed? 

(highlight as appropriate) 

Young Person 

(staff or student under 18) 

Pregnant Workers 

(staff or student) 

 

Other Groups 

Give details 

List relevant MSDS forms PhenolicMicroBalloonsMSDS.pdf,  PMC-121-SERIES.pdf,   

Process details: 

NB: If you are working with micro-organism(s) or biological agents please refer to the Microbiology Risk Assessment for 

information.  

If working with Nano-materials please refer to the Working Safely with Nanomaterials in Research & Development 
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guidance document 

For work with chemicals continue completing this form. 

The materials noted in this document will be used to produce multiple sheets of urethane based rubber which is 

believed to mimic fat tissue in regard to x-ray attenuation coefficient. The aim of building these materials is to 

conduct an ionising radiation dose optimisation experiments. 

PMC 121/30 dry will be used to mimic fat tissue density along with small quantity of phenolic microspheres. Part 

A and B of the PMC will be mixed 1:1, then 2% of phenolic micro-spheres will be added to achieve the desired 

density. The rubber will then be left to set for approximately 16 hours before the final use. 

 

 

What products/substances are being used in the process? 

 

Products / 

Substance(s) 

in process 

Hazard or Risk 

phrases defined 

for this product in 

the Material 

Safety Data Sheet 

Red, 

Amber, 

Green, 

(R,A,G,)  

What form is this 

hazard? 

Quantity 

Used / 

Stored? 

Length of 

Time 

Used? 

(Duration) 

How 

often is it 

used? 

(Frequency) 

Is there a Workplace 

Exposure Limit for 

this product / 

substance? 

 

PMC-121 

Series 

(Polyurethane 

Elastomer)  

 

H302/H312/H332/H

315/H319/H335/H3

51/H360FD/ 

Harmful if 

swallowed/if in 

contact with skin/if 

inhaled/ causes skin 

irritation/ causes 

serious eye 

irritation/ suspected 

of causing cancer/ 

may damage fertility 

or the unborn child 

 

 

R 

Gas   

3.5 kg 

 

1hr 

 

< 20 times 

a year 

Contains  Toluene-2,6-

diisocyanate and 

Toluene-2,4-diisocyanate 

TWA: 0.005 ppm 0.04 

mg/m3 

Liquid √ 

Vapour  

Fume  

Solid/ 

Powder/ Dust 

 

 

Phenoset 

Microspheres 

May cause eye 

irritation 

This material may 

contain trace 

amount (<0.001%) of 

free formaldehyde, 

which is listed by 

IARC, NTP and OSHA 

as a carcinogen. 

G Gas  98 g 1hr < 20 times 

a year 

N/A 

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 

√ 

 .  Gas      
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Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 

 

   Gas      

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 

 

   Gas      

Liquid  

Vapour  

Fume  

Solid/ 

Powder/ Dust 
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STOP CHECK AND CONSIDER THE NEXT QUESTION CAREFULLY 

Can product(s) / substance(s) be 

substituted? 

Y

/

N 

Describe the options and the elimination / substitution process 

Can you eliminate any of the substances?  

N 

 

Can you substitute any of the substances 

with less hazardous products? 

N  

Are any of the substances being mixed? 

Number of substances being 

mixed 
2 

Highest risk (RAG) 

of the substances 

to be mixed? 

 
OVERALL RISK OF THE 

SUBSTANCE(S) (without 

control measures in place) 

RED 

AMBER 

GREEN 

NB: Treat overall assessment as highest risk (RAG) 

Is the process likely to create new hazards or enhance any existing hazards e.g. producing a violent 

or highly exothermic reaction, toxic fumes, by-products etc.? 
Y / N 

If Yes, detail any additional control measures 

that need to be in place 
 

What are the risks of fire and/or explosion etc.? 

Is there a risk of fire? Y / N 

Is there a risk of explosion? Y / N 

Is there a risk of toxic fumes? Y / N 

Is there any other associated fire related risk with this process? Y / N 

If Yes to any of the above, detail any additional 

control measures that need to be in place. 

 

 

NB: A separate risk assessment may be also required in accordance with the Dangerous Substances and 

Explosive Atmospheres Regulations (DSEAR). 
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What are the health effects? 

Possible route of entry into the body? 

Detail the health effects? (refer to the Material Safety 

Data Sheet) 

Consider both short-term and long-term health effects 

where applicable 

Ingestion Y / N 
Polyurethane Elastomer may cause cancer. Organ specific damage: Respiratory. 

Polyurethane Elastomer may also affect fertility or an unborn child. 

Inhalation Y / N 
 Polyurethane Elastomer may cause asthma, lung edema, wheezing, shortness of 

breath, breathing difficulties and reduced lung function. 

Contact e.g. skin Y / N 
Chemicals may cause irritation, allergic skin reactions, and can causes burns to the 

skin. Polyurethane Elastomer may also cause eczema 

Absorption via skin and/or 

mucus membrane e.g. eyes, 

nose, mouth 

Y / N 

Can cause serious eye irritation and is harmful. 

Other e.g. young persons, 

pregnancy 
Y / N 

 

What are the first aid requirements: (consult the MSDS for details) 

Ingestion  

Get medical attention immediately. Wash out mouth with water. Move exposed person to fresh air. Do not 

induce vomiting unless directed to do so by medical personnel. 

Chemical burns must be treated promptly by a physician. Never give anything by mouth to an unconscious 

person. 

Inhalation  

Get medical attention immediately. Move exposed person to fresh air. If it is suspected that fumes are still 

present, the rescuer should wear an appropriate mask or self-contained breathing apparatus. Keep person 

warm and at rest. If not breathing, if breathing is irregular or if respiratory arrest occurs, provide artificial 

respiration or oxygen by trained personnel. It may be dangerous to the person providing aid to give mouth-to 

mouth resuscitation. If unconscious, place in recovery position and get medical attention immediately. 

Maintain an open airway. Loosen tight clothing such as a collar, tie, belt or waistband. In case of inhalation of 

decomposition products in a fire, symptoms may be delayed. The exposed person may need to be kept under 

medical surveillance for 48 hours. 

Contact e.g. skin 

Get medical attention immediately. Flush contaminated skin with plenty of water. 

Remove contaminated clothing and shoes. Wash contaminated clothing thoroughly with water before 

removing or wear gloves. Continue to rinse for at least 10 minutes. 

Chemical burns must be treated promptly by a physician. Wash clothing before reuse. 

Clean shoes thoroughly before reuse. 

Absorption e.g. eyes, nose, 

mouth, skin 

Get medical attention immediately. Immediately flush eyes with plenty of water, occasionally lifting the upper 

and lower eyelids. Check for and remove any contact lenses. Continue to rinse for at least 15 minutes. Chemical 

burns must be treated promptly by a physician. 

What are the required controls measures? 

 Describe the arrangements 
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Enclosed System e.g. glove box Y / N  

Fume Cabinet Y / N MUST be carried out in a fume hood 

Extractor / Hood / Local Exhaust Ventilation Y / N  

Ventilation / Air Change 

(If unknown seek advice from EDS/Campus Services) 

Y / N  

Biological Safety Cabinet Y / N  

Sensors and / or alarms Y / N  

Personal Protective Equipment  

(see details below) 

Y / N  

Other: Y / N 
Sensible shoes and emergency shower and eye wash 

stations recommended. 

   

   

   

   

What are the PPE requirements (in addition to the standard issue laboratory coat)  

 

 

 

 

 

 

 

Eye Protection 

 

Respiratory 

Protection 

 

Face 

protecti

on 

 

Gloves 
Hard Hat 

 

Ear 

Defend

ers  

 

Safety 

footwe

ar 

 

Outer layer Apron 

Other: 

 

Y / N Y / N Y / N Y / N Y / N Y / N Y / N Y / N Y / N Y / N 

The linked image cannot be displayed.  The file may have  
been moved, renamed, or deleted. Verify that the link points  
to the correct file and location.
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Describe the type / make/ model of PPE to be used – refer to the Material Safety Data Sheet(s) for guidance 

Not necessary 

if workin in 

fumehood 

with sash as 

low down    as 

possible 

Not necessary 

if workin in 

fumehood 

with sash as 

low down    as 

possible 

 Nitrile   No 

open 

toed 

shoes 

   

STOP CHECK AND CONSIDER THE USE OF PERSONAL PROTECTIVE EQUIPMENT (PPE) CAREFULLY 

Where Respirators (inc. FFP2 or 3 disposable masks) are required - face fit tests can be arranged for staff and 

students?  Consult your Supervisor for advice or contact Safety@exeter.ac.uk to book an appointment. 

Are there any Health Surveillance requirements to be considered?  

Consult your Supervisor for advice and guidance or contact occupationalhealth@exeter.ac.uk to book an 

appointment 

What actions to be taken in the event of spillage(s) and/or other emergency situations? 

NB: Refer to Material Safety Data Sheet(s) for guidance 

Small Quantity <500ml 

PPE should be worn at all times. Absorbent material such as paper towels 

should be used to clean up the spillage. It should then be placed into an 

appropriate container (As supplied in the spill kit) and disposed of via an 

approved clinical waste contractor. The spill area should then be washed 

in diluted ammonia solution. 

Large Quantity >500ml 

PPE should be worn at all times. Only attempt to clean if it is safe to do so 

(i.e. the area is well ventilated and there is low volumes of dust and 

vapour). Contain and collect spillage with non-combustible absorbent 

material i.e. sand, earth, vermiculite or diatomaceous earth. Place in an 

appropriate container (as supplied in spill kit) and dispose of via an 

approved clinical waste contractor. Prevent entry into sewers and water 

systems. The spill area should then be washed in diluted ammonia 

solution. 

Do you have correct spill kit provisions to deal with spills (should they occur)? Y / N 

Are there any other emergency situations (not referenced above) to be considered? Y / N 

If Yes, detail any additional control measures 

that need to be in place 

To make any spillage inside the fume hood more 

controllable, a plastic sheet will cover the entire ground 

surface of the fume hood. After finishing the experiment, 

the plastic sheet will be removed and disposed of in the 

chemical waste bin.  

What are the storage requirements for substances used during this process? 

NB: Refer to Material Safety Data Sheet(s) for guidance 
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Are there any specific storage requirements for substances? 

(Is there a maximum recommended volume/quantity to be stored in one place or a specific temperature, type of 

cabinet, segregation etc.?) Also consider in laboratory and in holding areas for disposal 

Y / N 

If Yes, detail the storage arrangements that 

need to be in place  

Refer to Material Safety Data Sheet(s) for guidance 

PMC 121/30 Dry: Keep container(s) tightly 

closed and properly labeled. Store in cool (65 – 105 °F), dry, well ventilated place 

away from heat, direct sunlight, strong oxidizers, bases and any incompatibles. 

Store in approved containers and protect against physical damage. Keep 

containers securely sealed when not in use. Indoor storage should meet OSHA 

standards and appropriate fire codes. Containers that have been opened must be 

carefully resealed to prevent leakage. Empty containers retain residue and may be 

dangerous. Avoid water contamination as CO2 forms and pressure builds up. 

Phenoset Microspheres: May undergo spontaneous smouldering if stored in 

temperatures above 35 degrees. Store in a cool, well ventilated area. 

NB: Refer to Material Safety Data Sheet(s) for guidance  

Dispose of as hazardous waste via approved chemical waste contractor. Do not dispose waste into drains or 

sinks. Inform lab manager of quantities for disposal 

What are the management arrangements i.e. Training, SOP’s, Communication etc.? 

How will this risk assessment be communicated? 

(i.e. how will staff/students be informed of this assessment?) 

All individuals exposed will be directed to relevant COSHH forms, SOP’s and MSDS available on the shared 

network (PCMD- UEMS Medical Imaging- UEMS MI Health and Safety). Paper copies available in the lab. 

Are Safe Systems of Work (SSoW) / Standard Operating Procedure (SOP) needed for this 

product/task/process in addition to this risk assessment? 
Y / N 

If Yes, detail / append the SSoW and/or the 

SOP if applicable 

Protocol for preparing a tissue mimicking x-ray phantom 

Are training requirements necessary and who will provide this? Y / N 
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If Yes, detail any specialist training required 

to undertake this process and who will 

provide said training 

 

Are there any remaining (residual) risks to be operationally managed? Y / N 

If Yes, detail any specific risks to be 

considered (e.g. pregnancy, vulnerable 

people, etc.)? 

 

Actions 

Use the table below to record actions to be taken if additional control measures  

are needed to meet the requirements of this risk assessment (identified above) 

No. Action (describe) By 

Who? 

Target 

Date 

Date 

Completed 
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NB: Keep a copy of this risk assessment for your own records 

OVERALL RISK RATING OF THIS PROCESS (with control measures in place) 

 

RED 
Control Measures Cannot be Implemented - Refer to Supervisor – Do Not 

Proceed 

AMBER 
Partial Control Measures Implemented - Further Controls Required-  Refer 

to Supervisor – Do Not Proceed 

GREEN 

All Control Measures Implemented - Assessor to sign the risk assessment, 

Approver can then complete their sections once satisfied that the 

process/task etc. can proceed 

COSHH/Risk Assessments Cross-Reference 

COSHH   

Risk Assessments   

SOP Phantom 

Approval Process 

COSHH Assessors Signature: Saeed 

Assessors Name: Saeed Alqahtani 

Date: 02/02/2017 

Confirmation received that all 

actions have been completed and 

the required control measures are 

in place:  

Yes / No 

Confirmation that relevant MSDS 

are attached and have been read: 
Yes / No 

Process Supervisors Name: 
e.g. Principal Investigator, Line Manager 

Dr Rachel M Palfrey 

Approval Date: 07/03/2017 

Confirmation that a copy is stored 

locally with the Laboratory 

Manager: 
Yes / No 
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Appendix 7 Interval plots of DAP, VGAS and FOMVGAS of experimental images 

that match VGAS of reference image and above for phantom (1) 
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Appendix 8 Interval plots of DAP, VGAS and FOMVGAS of experimental images 

that match VGAS of reference image and above for phantom (2) 

 

 

 

 

 

 

kVp

filtration

85807570

0.30.20.10.00.30.20.10.00.30.20.10.00.30.20.10.0

2.0

1.8

1.6

1.4

1.2

1.0

0.8

FO
M

_V
G

A
S

95% CI for the Mean

Individual standard deviations are used to calculate the intervals.

Interval Plot of FOM_VGAS

kVp

filtration

85807570

0.30.20.10.00.30.20.10.00.30.20.10.00.30.20.10.0

75

70

65

60

55

50

45

40

V
G

A
S

Interval Plot of VGAS
95% CI for the Mean

Individual standard deviations are used to calculate the intervals.

kVp

filtration

85807570

0.30.20.10.00.30.20.10.00.30.20.10.00.30.20.10.0

90

80

70

60

50

40

30

20

D
A

P

Interval Plot of DAP
95% CI for the Mean

Individual standard deviations are used to calculate the intervals.



 
 
 

342 
 

Appendix 9 Interval plots of DAP, VGAS and FOMVGAS of experimental 

images that match VGAS of reference image and above for phantom (3) 
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 Appendix 10 Interval plots of DAP, VGAS and FOMVGAS of experimental 

images that match VGAS of reference image and above for phantom (4) 
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