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Abstract 

This work focusses on the compression force applied to the breast during mammographic imaging. 

The lack of guidance and evidence base has led to variability in practice, and the implications of this 

will be discussed. All research was carried out on mammography units used within the U.K. National 

Health Service Breast Screening Programme (NHSBSP), and as such, emphasis has been placed on 

U.K. protocols and guidance. It is important to note however that this work does have implications 

for international breast screening programmes, as the impact considers technological, client and 

practitioner- based issues. 

The aim of this thesis is to discuss the implications of the lack of standardisation of compression force 

in terms of image quality and dose. The first section provides a contextual background using 

literature. The second section includes the published papers for consideration, 10 papers are 

included which have all been published in peer reviewed journals. The author’s contribution for each 

paper has been demonstrated and confirmed by co-authors, the main input to the work presented 

for this thesis is to ensure the approach taken has validity, reliability and reproducibility and the data 

is presented in a novel and appropriate manor.  

The systematic acquisition and distribution of the acquired and novel knowledge are discussed in the 

critical review section. This section addresses each objective, critically reviewing the published 

research, together with key findings and the contribution of each of the papers. 

Additionally, further work will be discussed, demonstration the author’s independent research 

building on the previous work, and future direction in the field.  
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Aims and Objectives 

Aim of the Critical Review 

To establish, with reference to the published works submitted, the effect, extent and impact of 

variation in applied compression force in mammographic imaging 

Objectives of the Critical Review 

1. Establish the impact of inaccuracy in breast thickness measurements 

2. Establish the extent of practitioner variation in application of compression force 

3. Establish the impact on positioning technique and applied compression force on the breast 

area on the image receptor 

4. Establish the extent of breast thickness reduction with applied compression force 

5. Demonstrate the application of measuring Conspicuity Index to demonstrate the impact of 

compression on lesion detection in mammography 
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Introduction 

Mammography is an imaging technique that utilises X-rays to image the breast. It is unique in the 

imaging field in that its purpose is to only image one organ. 

Mammography is one of the most technically challenging imaging modalities. As it is used as a 

screening tool to detect small subclinical lesions it requires high spatial resolution, and additionally 

excellent soft tissue contrast is needed due to the similarities between the lesions and the 

surrounding tissues. However, as it is used as a screening tool, it needs to deliver these high-quality 

images at a relatively low radiation dose, as higher doses cannot always be justified in a normal 

asymptomatic population. 

A typical setup for a mammography machine can be seen in Figure 1 below 

 

 

Figure 1 mammography unit (Yaffe, Bunch et al., 2009) 

During imaging the breast is placed on the breast support and the paddle is then used for 

compression. Generally, in clinical practice, automated exposure control (AEC) is used to terminate 

the exposure, where all exposure factors are controlled by the unit. The factors chosen by the 

machine are based on the compressed thickness of the breast, this means that appropriate 
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positioning and compression are essential to ensure the AECs are able to function appropriately to 

optimise the exposure for the patient. 

The compression force that is applied to the breast during mammographic imaging is one of the most 

important parts of the image acquisition. There are many reasons that have been stated for the 

justification of compression: it reduces the thickness of breast tissue, which in turn reduces the 

radiation dose that the patient receives and it brings the breast tissue closer to the image receptor 

and so reduces geometric unsharpness   (Pisano, Gatsonis et al., 2005, Taplin, Rutter et al., 2002). 

Additionally, there is a suggestion that the applied compression force displaces the glandular tissues, 

reducing the impact of overlying tissues on the resultant mammograms which improves contrast and 

lesion visibility due to the visual similarity of lesions and glandular tissue. Finally, compressing the 

breast reduces movement unsharpness by stabilising the breast. 

The compression is applied by the practitioners undertaking the mammogram, and although the 

importance of appropriate compression force has been recognised by the Breast Screening Service 

standards (National Quality Assurance Coordinating Group for Radiology, 2006), where compression 

has been advised to be applied gently and slowly until the breast is held firmly in position, there is 

no guidance on appropriate compression except that it should not exceed 200 Newton (20 kg). 

Additionally, there is no European or international guidance, with only broad guidance given such as 

“compress until the skin is taut to touch”, which can lead to subjective interpretation (Perry, 

Broeders et al., 2008, Poulos and McLean, 2004) 

Literature Review 

Breast Cancer: burden, risks and control 

Breast cancer is the most common cancers in women in the world. It is estimated that worldwide 

over 508 000 women died in 2011 due to breast cancer (Global Health Estimates, WHO 2013).  

Incidence rates vary greatly worldwide from 19.3 per 100,000 women in Eastern Africa to 89.7 per 

100,000 women in Western Europe, this difference in incidence rates might be explained by many 

factors, including increased early detection in Weston Europe, as well as genetic and environmental 

influences (Coleman, Quaresma et al., 2008). In most of the developing regions the incidence rates 

are below 40 per 100,000 (GLOBOCAN 2008) but the incidence rate is increasing. 

Breast cancer survival rates vary greatly worldwide, a worldwide population-based study conducted 

in 2008 found that 5-year survival rates ranged from 80% or over in North America, Sweden and 

Japan to around 60% in middle-income countries and below 40% in low-income countries (Coleman 
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et al., 2008). Within this publication it was suggested the low survival rates in less developed 

countries can be explained mainly by the lack of early detection programmes, resulting in a high 

proportion of women presenting with late-stage disease, as well as by the lack of adequate diagnosis 

and treatment facilities. 

In the UK breast cancer makes up 15% of all cancers, with 53,696 news cases reported in 2013, it is 

the most common cancer in the UK. The majority of diagnoses are in women, with around 340 cases 

diagnosed in men in that year. Almost half of breast cancers are diagnosed in women over 65, with 

men half are diagnosed in over 70-year olds. 

Over the past 10 years, breast cancer incidence has increased by 4% in the UK, and the incidence 

rate is the sixth highest in Europe. Worldwide, 1 in 8 women and 1 in 870 men will be diagnosed with 

breast cancer. (Cancer Research UK, 2016) 

Breast Cancer Risk Factors 

There are many risk factors associated with breast cancer including (but not exclusively): alcohol and 

tobacco use, geographical location, socio-economic conditions, exposure to radiation, obesity, 

decreased physical activity, urbanization, sedentary lifestyle, high fat diet, frequent spontaneous 

miscarriages, lack of breast-feeding, hormone replacement therapy, aging, early menopause, 

reproductive events and incidents of ovarian cancer (Ayub, Rasool et al., 2014, Bray, Jemal et al., 

2012, Bray, McCarron et al., 2004, Calderón-Garcidueñas, Ruiz-Flores et al., 2005, Collaborative 

Group on Hormonal Factors in Breast Cancer, 2002, Mehrgou and Akouchekian, 2016, Torre, Bray et 

al., 2015) 

 

The incidence of breast cancer increases with age, with the risk doubling every 10 years until 

menopause (McPherson, Steel et al., 2000) The majority (81%) of breast cancers occur in women 

over 50 (Quante, Whittemore et al., 2012).  

By far the largest risk factor is familial history, the risk is dependent on the type and number of 

relatives affected, age at which the relative developed breast cancer and the incidence of bilateral 

disease (Arver, Du et al., 2000, Pharoah, Day et al., 1997, Song, Chen et al., 2017). Depending on 

these factors, familial history can increase the risk by 2 or 3 fold (Antoniou, Gayther et al., 2000, 

Arver, Du et al., 2000, Song, Chen et al., 2017) and it is estimated that 5% to 10% of all breast cancer 

cases are due to these inherited genetic factors (Arver, Du et al., 2000) 
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The gene BRAC1 was first associated with breast cancer risk in 1990 by Hall et al. They studied breast 

cancer families, defined as three or more close family members having breast cancer, and discovered 

the genetic link. It was also found to be associated with breast-ovarian cancer, and ovarian cancer 

(Antoniou, Gayther et al., 2000) . BRAC1 is considered a tumour suppressor gene, and involved in 

DNA repair, and mutations of this gene is strongly linked to breast cancer rates (Arver, Du et al., 

2000) 

More recently, breast density has been associated with an increased risk of breast cancer. The 

measure of the relative amount of fibroglandular tissue within the breast has been established as a 

strong independent risk factor for breast cancer (Chen, Gulsen et al., 2015, McCormack and dos 

Santos Silva, 2006, Ng and Lau, 2015, Sherratt, McConnell et al., 2016) changes in breast density may 

be caused by hormones, age, genetic factors and body habitus (Chen, Gulsen et al., 2015, Rice, 

Rosner et al., 2017, Tice, Cummings et al., 2008, Vachon, van Gils et al., 2007).  

Breast density can be assessed in various ways, using either visual assessment or computer based 

metrics (Ekpo, Hogg et al., 2015). Traditionally the breast density was visually assessed by the 

clinician making a visual evaluation of the mammogram, where they use all presented images to 

make a decision of the percentage of fibroglandular tissue within the volume of the breast.  

This requires the clinician to be able to correctly assess the relative proportions of glandular and fatty 

tissue while accounting for variations in breast shape, radiographic texture and the presence of 

cancer (which increases breast density locally). The clinician is also able to take account of the 

variation in the technical acquisition parameters of the mammogram, for example the AEC settings. 

These density scores can then be presented as a percentage on a continuous scale or within discrete 

ranges such as the composition categories used in BI-RADS (McCormack and dos Santos Silva, 2006). 

Moderate agreement has been found between clinicians, but training and experience have shown 

to impact on the accuracy and reproducibility of these scores (Damases, Hogg et al., 2017, Martin, 

Helvie et al., 2006). 

Introduction of digital images meant that automated measures of breast density could be assessed, 

with early work applying thresholds to pixel values to determine the proportion of the breast that is 

dense (Gilbert, Tucker et al., 2015, Martin, Helvie et al., 2006, Wang, Good et al., 2003). Later 

software developments estimate the volume of dense fibroglandular tissue in the whole breast 

rather than the density of the breast tissue within the mammogram, known as Breast Volume Density 

(VBD). By using both the image pixel data in combination with acquisition information from the 

DICOM header, algorithms are used to provide measurements of the relevant tissue volumes. Data 
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regarding the breast thickness and the X-ray exposure’s tube potential, current, time, target and 

filter – in combination with knowledge of the radiation attenuation properties of different tissues – 

can enable a derivation of the breast composition represented by each pixel. Two main software are 

available for assessment of VBD, VolparaTM (Highnam, Brady et al., 2010) and Quantra (Hartman, 

Highnam et al., 2008) 

In one large UK trial (Gilbert, Tucker et al., 2015), they found that correlation between these 

assessment software was high, whereas correlation between visual assessment and VBD has found 

to be poor, with numerous factors being described as the cause, including observers’ use of a 

continuous scale, experience of the observer, and the fact that the observers were using processed 

images in comparison to the software using raw data. However, when considering risk factors a 

strong correlation was found with the absolute measurements of the fibroglandular tissue volume 

than the percentage volume from both the Quantra and Volpara software. Furthermore (Astley and 

Harkness, 2015) found variability in VBD between observers and the two soft wares, and found that 

the observers showed the strongest relationship with risk of cancer, they discussed that is was likely 

that observers, whilst asked to quantify density, also took into account higher-level features, such as 

the pattern and location of dense areas. 

Accuracy of the breast thickness measurement is important within VBD assessment, as the thickness 

used within the algorithm is taken from the recorded value given by the machine. Any inaccuracy in 

this measurement could lead to inaccurate calculation of VBD, and this will be discussed within this 

thesis in Section 1.1.3 - Breast density calculation 

Breast Screening Programmes 

Health screening is a way of identifying those at risk of a condition within a healthy asymptomatic 

population so early diagnosis and treatment can improve client morbidity and mortality, or to allow 

the client to make informed decisions. There are various screening programmes undertaken 

worldwide, and the risks and costs of any screening program have to be taken into account when 

considering implementation. 

Early detection and treatment of breast cancer is directly linked with better patient prognosis (Ng 

and Muttarak, 2003), and mammography is, at present, the best mass population screening method 

for diagnosing non-palpable breast cancer.  Within the UK, the aim of the NHS Breast Screening 

Programme (NHS BSP) is to aide early detection of breast cancer through screening of a non-

symptomatic population. Women in the UK are offered breast screening every 3 years, between the 
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ages 47-73.(Moss, Wale et al., 2015) with the exception for individuals at moderate and high risk 

who are eligible for enhanced surveillance using mammography and MRI (Evans, Graham et al., 2013) 

due to familial risk factors. 

Screening programmes in other countries vary in both frequency and age range. In the US screening 

starts as young as 40 up to the age of 75 and is performed as frequently as every 1-2 years, depending 

on state. Australia have a similar program to the US, whereas most European countries have similar 

programmes to the UK, except Sweden where they screen  every 18 months for 40-49 and every 2 

year for 50-74 (International Cancer Screening Network, 2012). The age range and frequency each 

of the program is based on that country’s demographic and risk/benefit analysis, and the variation 

in these approaches can lead to controversy. As with the UK those women considered to have a high 

risk of breast cancer are offered enhanced surveillance, for example in the US high risk clients can 

receive early cancer screening from the age of 25  

False positive results and over diagnosis raises the sensitivity measure of the test but is an issue in 

breast screening (Hofvind, Ponti et al., 2012, Løberg, Lousdal et al., 2015). Women can be diagnosed 

and treated for disease that may not have impacted on their lives and the psychological impact of 

this needs to be considered (Bond, Pavey et al., 2013a, Bond, Pavey et al., 2013b, Brett, Bankhead et 

al., 2005). Additionally, there is also the risk from ionising radiation and the costs that need to be 

taken into account (Jatoi, 2015, Jørgensen and Bewley, 2015, Lauby-Secretan, Loomis et al., 2015).  

In 2012 an independent review was undertaken by The Independent UK Panel on Breast Cancer 

Screening (Independent UK Panel on Breast Cancer Screening, 2012) to assess the risks and harms of 

breast cancer screening, the results were published in October of that year, and summarised that for 

all women attending screening, there is about 1% chance of a cancer being diagnosed and treated 

that would never had caused an issue for the women. For breast cancer detection they suggested 

that for each death prevented, there will be three over diagnosed cases. It is recognised in the report 

that this data is very hard to assess, and therefore limited in its accuracy and reliability. However, 

the report concludes that the breast screening service should still be considered as having a 

significant benefit and should therefore be continued.  

Full Field Digital Mammography (FFDM) as a screening tool 

Full field digital mammography (FFDM) is still the most effective screening tool for breast cancer 

diagnosis, a screening mammogram consists of two projections of each breast; one in the 
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craniocaudal projection known as the CC and one in the medio-lateral oblique projection known as 

the MLO (Hogg, Kelly et al., 2015).  

For the CC the inferior portion of the breast is placed on the image receptor and the compression 

paddle is applied onto the superior portion of the breast; the mammography machine gantry is 

parallel to the floor (Figure 2) For the MLO the arm of the mammography gantry is tilted from the 

vertical and angled to be parallel to the pectoral muscle (Figure 3). 

 

Figure 2 The craniocaudal (CC) mammogram (Hogg, Kelly et al., 2015) 

 

Figure 3The medio-lateral oblique (MLO) mammogram (Hogg, Kelly et al., 2015) 

Compression in mammography 

The compression force that is applied to the breast during mammographic imaging is one of the most 

important parts of the image acquisition. However, despite its importance in terms of image quality 
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and dose, there is a lack of supporting information for the appropriate level of compression, which 

inevitably gives the potential for significant variations in practice with the application of breast 

compression force (Mercer, Hogg et al., 2013b, Poulos, McLean et al., 2003)  

Image Acquisition is heavily reliant on automatic exposure control (AEC) in clinical practice, where 

the kV, exposure, exposure time (mAs) and anode/filter combination are automatically selected 

based on the thickness of the compressed breast. Some systems work by additionally taking a short 

exposure of the breast to measure the resultant exposure to accurately set the AEC values (Bick and 

Diekmann, 2010). All these factors directly impact on the image quality and patient dose, so it can 

be seen that the compression force applied needs to be optimised and standardised to ensure 

appropriate imaging parameters are selected. 

Taplin et al (Taplin, Rutter et al., 2002)  demonstrated a correlation between poor image quality and 

cancer developing after a negative screening, with poor positioning having the largest impact on the 

sensitivity (66.3%). This indicates that poor image quality has an impact on detection of early stage 

lesions that are seen on subsequent images.  

Although they found other factors such as noise, compression, sharpness, contrast, exposure and 

artefacts had only a moderate correlation with later cancer detection, Rauscher et al (Rauscher, 

Conant et al., 2013) found that compression forced used and the resultant sharpness was associated 

with a later stage diagnosis, and suggests that improved positioning, compression and sharpness 

would improve stage at diagnosis. 

As there is a lack of evidence or guidelines for the application of compression force, and with the 

negative implications of patient discomfort, this inevitably leads to variability in clinical practice 

(Mercer, Hogg et al., 2013b, Poulos, McLean et al., 2003, Waade, Sanderud et al., 2017). The 

practitioners decide when enough compression force has been applied. Various ways of describing 

“enough” compression force have been suggested in the literature (Eklund, Cardenosa et al., 1994, 

Kopans, 2007, Long, Miller et al., 2010, Mercer, Hogg et al., 2013b, Poulos and McLean, 2004) but 

there are no evidence-based agreed guidelines for practitioners to identify optimal compression 

force levels. Previous work has demonstrated a lack of consistency in the way compression force is 

applied (Branderhorst, de Groot et al., 2015, de Groot, Branderhorst et al., 2015, de Groot, Broeders 

et al., 2013, Dustler, Andersson et al., 2012, Mercer, Hogg et al., 2013b, Poulos, McLean et al., 2003, 

Waade, Moshina et al., 2017) and the impact of this leads to a lack of optimisation, which is essential 

in a screening programme, and a requirement within national and international legislation (Great 

Britain. Health and Safety, 2000, ICRP, 2006) 
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Paper 1 

The readout thickness versus the measured thickness for a range of screen film 

mammography and full-field digital mammography units 

Ingrid H. R. Haugea) 
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Peter Hogg and Katy Szczepura 
Directorate of Radiography, University of Salford, Salford M6 6PU, United Kingdom 
Paul Connolly 
Integrated Radiological Services Ltd., Unit 188 Century Building, Tower Street, Brunswick Business Park, Liverpool L3 4BJ, United 
Kingdom 
George McGill 
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(Received 13 May 2011; revised 28 October 2011; accepted for publication 2 November 2011; published 20 December 2011) 
©2012 American Association of Physicists in Medicine. [DOI: 10.1118/1.3663579] 
Key words: mammography, breast thickness, breast compression 

Purpose: To establish a simple method to determine breast readout accuracy on mammography 

units. 

Methods: A thickness measuring device (TMD) was used in conjunction with a breast phantom. This 

phantom had compression characteristics similar to human female breast tissue. The phantom was 

compressed, and the thickness was measured using TMD and mammography unit readout. 

Measurements were performed on a range of screen film mammography (SFM) and full-field digital 

mammography (FFDM) units (8 units in total; 6 different models/manufacturers) for two different 

sized paddles and two different compression forces (60 and 100 N). 

Results: The difference between machine readout and TMD for the breast area, when applying 100 

N compression force, for nonflexible paddles was largest for GE Senographe DMR+ (24 cm30 cm 

paddle: +14.3%). For flexible paddles the largest difference occurred for Hologic Lorad Selenia (18 

cm24 cm paddle: +26.0%). 

Conclusions: None of the units assessed were found to have perfect correlation between measured 

and readout thickness. TMD measures and thickness readouts were different for the duplicate units 

from two different models/manufacturers.  
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Introduction 

Accurate breast thickness estimation is required in order to calculate the mean glandular dose 

(MGD).1–3 Accuracy is also required for density measurements (which can be used for predicting 

breast cancer risk)4 and for estimation of breast tissue volume.5,6 Compression paddles may deform/ 

tilt during mammography and this can lead to differences between the actual and readout (displayed 

by the mammography machine) thickness of the compressed breast. Under realistic clinical imaging 

conditions (phantom-simulated), this study aimed to conduct a comparative analysis of readout 

versus measured thicknesses over a range of mammography units. 

Previous studies have highlighted inaccuracies with thickness readouts of mammography machines; 

some of these studies have also proposed methods which may provide a better estimate of the 

compressed breast thickness.3,7–9 Diffey et al.10 found a maximum variation of 21.1 mm in the chest 

wall to nipple direction, while the paddle deformation in the lateral direction was found to be 

insignificant in comparison to the chest wall to nipple direction. Tyson et al.9 described a technique 

for measuring breast thickness by using optical stereoscopic photogrammetry. This method had a 

precision of >1 mm, and a measurement accuracy of >0.2 mm. The readout thickness for a number 

of different mammography systems was found to vary by as much as 15 mm when compressing the 

same breast or phantom.9 The value of the method developed by Tyson et al.9 was its accuracy; 

system use however is labor intensive, being highly dependent on room lighting and also on image 

quality. Mawdsley et al.7 developed functions that can estimate the compressed breast thickness 

based upon the machine readout thickness and compression force reported by the machine. 

This study aimed to develop a simple, clinically adaptable and accurate method to measure the 

difference between the readout and measured thickness. Building on previous research there was 

particular interest in, the creation and documentation of the physical breast phantom 

characteristics, particularly in relation to in-vivo female human breast tissue. In order to investigate 

how the thickness readout and the thickness across the breast correlated, a breast thickness 

measuring device (TMD) was constructed. 

Methods and Materials 

The method comprised of three stages. First, a clinically realistic breast phantom and backing plate 

with the creation of a rigid torso was tested. Second, the TMD was designed and tested. Finally, using 

the TMD, the breast phantom with its backing plate was used to assess several mammography 

units/paddle combinations. 
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Design, creation, and validation of breast phantom 

Three breast prostheses (small (220 cm3), medium (360 cm3), and large (700 cm3), Trulife, Sheffield, 

United Kingdom) were assessed for their compression characteristics. Each of the breast prostheses 

were adhered onto a semiflexible backing plate. The backing plate was mounted onto a rigid torso 

(Fig. 1) in order to simulate how a real breast will behave when it is compressed. The resistance to 

compression incurred by the torso changed the compressibility of the phantom to better simulate a 

real breast. 

Six rubber balloons were glued onto the flexible backing plate. The balloons gave minor mobility 

similar to pectoral muscle and fascia. The phantom was glued onto the balloons and covered with 

layers of latex. The latex was painted across the surface of the phantom and along the edges, with 

fewer layers across the surface than around the edges. The backing plate was mounted onto a rigid 

torso (CIRS, Norfolk) using two ratchet straps, one above and one below the breast phantom. Before 

compressing the breast phantom, a lubricant was applied to the phantom. This allowed the 

compression paddle to slide smoothly over the breast surface when pressure was applied. 

Using the three breast phantoms, mounted as described, compression (N)/thickness (mm) graphs 

were generated from 40 to 100 N stepping through 10 N values. For each phantom, the compressed 

breast thickness data were averaged and normalized (the data were normalized to 1 for 40 N 

compression force). For comparison the normalized average of 29 female human datasets were 

acquired (Fig. 2). 

The 29 female datasets were acquired on a Hologic Lorad Selenia, while the phantom data were 

collected from a GE Senographe 800 T. The normalized compression curve of the large prosthesis 

was compared with the normalized correlation curve of the real breast, and it was found that the 

compression characteristics correlated well, with a correlation coefficient of 0.95. On this basis the 

large phantom (700 cm3) was chosen as our breast phantom. 
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FIG. 1. Breast mounted to semiflexible background plate and rigid torso. 

 

 

FIG. 2. Compressed breast thickness (mm) as a function of compression force (N) for real breasts and the three breast phantoms. 

Compression paddle bend and distortion measuring device 

The TMD was constructed of poly methyl methacrylate (PMMA) (Fig. 3). TMD dimensions (depth: 

17.1 cm, width: 36.0 cm, and height: 21.8 cm) were such that they would fit the mammography 

machines/paddles that were to be included in the study. Wooden rods, diameter approximately 5 

mm, and of different lengths (10–25 cm) were used (Fig. 3) to measure thickness. The top of the TMD 

had a matrix of 5 mm diameter holes drilled through it; the centers were 20 mm apart. 

How the study was conducted 

The measurements were performed on different mammography units from three different 

manufacturers [General Electric (GE Medical Systems, Buc, France), Hologic Inc. (Bedford, MA) and 

Siemens (Siemens Healthcare, Erlangen, Germany)]. Both screen film mammography (SFM) and 

fullfield digital mammography systems (FFDM) were included (Table I). This selection is 

representative of machines that were in clinical use at the time of the study. Two different paddle 

sizes, standard [approximately 18 cm24 cm (18x24)] and large [approximately 24 cm30 cm (24x30)] 

were used (Table I). 
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FIG. 3. Thickness measuring device (TMD) and rods. 

 

The TMD was placed on top of the table, with the long side (36.0 cm) parallel and along the edge of 

the chest side of the table top and centered left to right. The compression paddle was fastened such 

that it was located between the top and bottom plate of the TMD (Fig. 4), with the breast pros thesis 

resting on the bottom plate of the TMD. Two different compression forces were applied when 

compressing the breast prosthesis (60 and 100 N). 

 

 

TABLE I. Mammographic units included in this study. 

Location Manufacturer=Model 

Compressed breast thickness accuracy QC: maximum difference 
 (specified by in measured and 
SFM=FFDM manufacturer) readout thicknessb Paddle 
size Flexible=Nonflexible 

 paddle Tilting=Nontilting 
A GE Senographe 800T SFM 610 mm 60.4 cm 18 cm24 cm Nonflexible Nontilting 

   610 mm  24 cm30 cm Nonflexible Nontilting 

A GE Senographe DMR+ SFM 610 mm +0.5 cm 18 cm24 cm Nonflexible Nontilting 

   610 mm  24 cm30 cm Nonflexible Nontilting 

B GE Senographe DMR+ SFM 610 mm +0.5 cm 18 cm24 cm Nonflexible Nontilting 

   610 mm  24 cm30 cm Nonflexible Nontilting 

C Siemens Mammomat 
Inspiration 

FFDM 39–45 mma 0.1 cm 18 cm24 cm Nonflexible Nontilting 

     24 cm30 cm Nonflexible Nontilting 

B GE Senographe Essential FFDM 610 mm 0.3 cm 19 cm23 cmd Nonflexible Nontilting 

   610 mm  19 cm23 cmd Flexible Tilting 

   610 mm  24 cm31 cm Flexible Tilting 

D Hologic Lorad Selenia FFDM 60.5 cm 0.1 cm 18 cm24 cm Flexible Tilting 

   60.5 cm  24 cm30 cm Flexible Tilting 

D Hologic Selenia Dimensions FFDM 60.5 cm 0.1 cm 18 cm24 cmd Flexible Tilting 

   60.5 cm  24 cm29 cmd Flexible Tilting 

E Hologic Lorad Selenia FFDM 60.5 cm 0.4 cmc 18 cm24 cm Flexible Tilting 

   60.5 cm  24 cm30 cm Flexible Tilting 

a The thickness of a compressible phantom should be between 39 and 45 mm. The thickness of the compressible phantom (RMI 156, Gammex RMI, Middleton, 
WI) is 42 mm. 
b In the UK the compressed breast thickness accuracy is measured during quality control (QC) which is conducted every six months. This consists of measuring 
the compressed thickness for a PMMA phantom of known thickness. Difference in compressed breast thickness=Thickness of Perspex—Readout thickness. 
An under- and=or underestimation is considered equally faulty. 
c All quality control measurements were conducted with a nonflexible paddle. 
d Even if Hologic Selenia Dimensions and GE Senographe Essential were a bit different in size than the others, they are referred to as 18 cm24 cm (18x24) and 
24 cm30 cm (24x30) in the figures. 
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FIG. 4. How the measurements were conducted. 

In order to estimate the compressed breast thickness, the distance from the top of the TMD to the 

top of the compression paddle was measured across the whole area (Fig. 4). The distance was 

measured by using a rod that was dropped into the hole at the top of the TMD. A fingernail was used 

to mark where the rod touched the top plate, the rod was then removed and the length of the rod 

from the bottom (where it touched the top of the compression paddle) up to the fingernail was 

measured using a ruler. This was repeated until the height of the rod for all the holes that covered 

the compression paddle in question had been measured. Row 1 was defined as the row parallel to 

the breast chest wall and closest to the breast chest wall. Column 1 was defined as the column 

perpendicular to the breast chest wall and out to the left side. Column 15 was then the last column 

on the right. A full set of thickness measurements (105) took approximately 20 min to conduct. 

Mawdsley et al.7 defined a reference point along the midline in the chest wall to nipple direction, 20 

mm in from the chest wall side. They found that for most images the maximum height occurred at 

this reference point. We defined the same reference point in our study—hole in row 1, column 8 

(located 2.5 cm from the breast chest wall side of the imaging table, and 18.0 cm from the short edge 

side). 

Calculation of breast thickness 

The measurements performed to find the readout and measured thickness of the phantom is 

illustrated in Fig. 5. 

The readout thickness (d) is given by the following equation: 

d = D -  t     (1) 
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where D is the system readout thickness including the thickness of the bottom plate. The thickness 

of the bottom plate (t) had to be subtracted from the total readout thickness (D) in order to obtain 

the readout thickness for the phantom (d). The measured thickness (M) of the object was calculated 

as follows: 

M = H - t - p – 1  (2) 

 

where H is the total height of the TMD, p is the thickness of the compression paddle, and l is the 

distance from the top of the compression paddle to the top of the TMD. Using a Vernier calliper, the 

thickness of the compression paddles (p) was measured to be 1.00 mm for Siemens Mammomat 

Inspiration and 2.75 mm for all the other paddles in this study. The area covering the compressed 

phantom (row 1 columns 3–13, row 2 columns 4–12, row 3 columns 6–10, and row 4 column 8) was 

defined as the breast area. The thickness for the area covering the compressed breast phantom was 

measured (breast area), and the minimum, maximum and average measured breast thickness for 

this area was compared to the readout thickness, and the difference between them were found, as 

follows- 

Percentage =  
(Average/min/ max measured breast area) − readout thickness

readout thickness
 

A positive value implies that the measured thickness is larger than the readout thickness, which 

suggests the machine underestimates thickness. A negative value implies that the measured 

thickness is smaller than the readout thickness, which suggests the machine overestimates the 

thickness. An over- or underestimation is considered equally faulty, and a difference close to zero is 

preferred. 

TMD - precision and observer variability 

Prior to commencing the study, a precision and operator variability study was conducted. A wooden 

block (depth: 96 mm, width: 253 mm, and height: 55 mm) was placed inside the TMD device, centred 

in the middle and parallel to the long side of the TMD device. The thickness was measured three 

times by the person who would perform the thickness measurements. Average measured thickness 

was 55.5 mm, with a standard deviation of 0.4 mm across the whole area measured by the reader 

for all three measurements. The deviation in the measured thickness varied between 1 and 2 mm 

(only one measurement varied with 2 mm) with an average of 0.0460.12 mm (95% confidence 

interval). Concluding from this, this person would conduct the study with good precision. However, 

in the study itself 15% of the actual measurements were repeated on a blind sampling basis to 
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minimize random error. The average difference between the first measurement and the second 

measurement (blind testing) was 0.1760.07 mm (95% confidence interval). Concluding from this their 

precision and repeatability was more than adequate for this study.  

 

 

 

 

 

 

 

FIG. 5. Diagram to illustrate the measurements performed to calculate readout and measured thickness of the object. 

Quality control: checking the readout thickness 

In the United Kingdom (the location for all the mammography units in this study) the allowed 

difference between readout and measured thickness is 65 mm.11 Each machine was tested every six 

months (Table I); all units were operating within manufacturer specification. 

Quality control: checking the compression force 

Accuracy of compression force is assessed on traceably calibrated scales and noted to an accuracy 

of 5 N every 6 months by a medical physicist and monthly by radiographers. The readout 

compression force is checked for 40, 80, and 120 N and also at maximum compression force (200 N). 

The accuracy of the readout compared to the measured compression force was 610 N (in accordance 

with IPEM 89 Ref. 11) for all the units. 

Results 

Figures 6 and 7 illustrate a 3D representation of the difference between the measured thickness and 

the readout thickness for a nonflexible and flexible paddle across the whole measured area. Since 

the primary interest is the variation across the breast area, and the average percentage difference 

in compressed breast thickness, the minimum percentage difference in breast thickness and the 

percentage difference between readout and measured thickness for the reference point are shown 

in Fig. 8. 
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Difference between measured and readout thickness across paddle area 

The smallest and largest difference between the measured and readout thickness of the compressed 

phantom across the whole measured area of the paddle is shown in Fig. 6 for the 18x24 flexible 

paddle (smallest difference: 12 mm and largest difference: 19 mm) and Fig. 7 for the 18x24 

nonflexible paddle (smallest difference: 3 mm and largest difference: 7 mm). The average difference 

between the smallest and largest measured thickness across the whole area was smaller for 

nonflexible paddles compared to flexible paddles (nonflexible/flexible 18x24: 5.0/16.0 mm, 

nonflexible/flexible 24x30: 5.3/10.0 mm). Figure 7 illustrates that the compression paddle may be 

uneven in the left to right direction. 

The average, minimum, maximum percentage, and reference point percentage difference between 

measured compressed breast thickness and the readout compressed breast thickness for the breast 

area for the 18x24 paddle for 60 and 100 N applied compression force is shown in Fig. 8. 

Figure 8 shows that there is a larger spread in the average percentage difference for the flexible than 

for the nonflexible compression paddle for both 60 N (range: 5.5%–6.8% (nonflexible), 4.5%–9.0% 

(flexible)) and 100 N (range: 8.0%–11.2% (nonflexible), 6.0%–26.0% (flexible)), and the difference is 

larger for 100 N than for 60 N applied compression force. For the nonflexible paddles Siemens 

Mammomat Inspiration (60 N: 1.0%, 100 N: 2.6%) came closest to 0% difference for the average 

percentage difference, and for the flexible paddle Hologic Selenia Dimensions (60 N: 1.5%) came 

closest to 0% difference when 60 N compression force was applied and GE Senographe Essential (100 

N: 3.1%) came closest to 0% difference when 100 N compression force was applied. 
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FIG. 6. Map of differences in thickness for the whole area for 18 cm x 24 cm flexible compression paddle for (a) Hologic Selenia Dimensions, which 

had the smallest (12 mm) difference in thickness across the whole area and (b) Hologic Lorad Selenia, which had the largest (19 mm) difference in 

thickness across the whole area, when applying 100 N compression force. 

 

FIG. 7. Map of differences in thickness for the whole area for 18 cm24 cm nonflexible compression paddle for (a) Siemens Mammomat Inspiration, 

which had the smallest (3 mm) difference between measured and readout thickness across the whole area and (b) GE Senographe 800 T, which had 

the largest (7 mm) difference in measured and readout thickness across the whole area, when applying 100 N compression force. 
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Variation in thickness across breast area 

The average, minimum, and maximum differences (measured in mm) for the compressed breast area 

is shown in Table II. 

The difference between machine readout and measured thickness for nonflexible paddles for the 

breast area, applying 100 N compression force was smallest for the Siemens Mammomat Inspiration 

(18x24 paddle: +2.6% (p<0.01), 24x30 paddle: +0.7% (p=0.05)) and largest for GE Senographe DMR+ 

(18x24 paddle (location A): +11.2% (p<0.01), 24x30 paddle (location B): +14.3% (p<0.01)). For the 

18x24 flexible paddle, and with an applied compression force of 100 N, the smallest difference 

between machine readout and measured thickness for the breast area occurred for GE Senographe 

Essential [3.1% (p<0.01)], and the largest for a Hologic Lorad Selenia [26.0% (p<0.01)]. For the 24x30 

flexible paddle, and with an applied compression force of 100 N, the smallest difference between 

machine readout and measured thickness for the breast area occurred for a Hologic Lorad Selenia 

[3.0% (p<0.01)] and the largest difference occurred for the other Hologic Selenia Dimensions [8.9% 

(p<0.01)]. 

The average differences for both paddles, both compression forces (60 and 100 N) and all modalities 

in this study were +2.6% (60 N: +1.3%, 100 N: +2.8%). 

In this study, two Hologic Lorad Selenia and two GE Essential DMR+ units were included. When 

comparing the results for the two units of equal manufacturer and model, it was found that the 

average difference between the readout thickness and the measured thickness for the breast area 

is different for the two units [GE DMR+: 11.2 vs 8.4% (18x24), 0.7 vs 14.3% (24x30), Hologic Lorad 

Selenia: 6.8 vs 26.0% (18x24), 3.0 vs 8.3% (24x30)]. 

FIG. 8. The percentage difference between measured thickness and readout thickness for the breast area for 18 cm24 cm nonflexible and flexible compression 

paddle for (a) 60 N and (b) 100 N applied compression force. 
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Change in measured compressed breast thickness when increasing the compression force 

When increasing the compression force from 60 to 100 N an 18% decrease in measured compressed 

breast thickness was observed for the breast area (18x24: 17.861.4%, 24x30: 17.765.4%) when using 

nonflexible paddles. When using flexible paddles a larger decrease in measured compressed breast 

thickness can be observed for the 18x24 paddles (18.662.6%) versus the 24x30 paddles (17.161.9%). 

Reference point  

The average difference for both compression forces, both paddles (nonflexible/flexible) and both 

paddle sizes between the measured thickness for the average breast area and the measured 

thickness for the reference point is 0.760.2 mm (in percentage: 1.460.5%). 

 

 

Discussion 

TABLE II. Average, minimum and maximum difference in thickness (mm) for the breast area for the compression forces 60 and 100 N for the different 
mammography units included in this study. 

 Compression Force 60 N Compression force 100 N 
Average 
difference 
mm (%)a 

Min 
difference 
mm (%)b 

Max 
difference 
mm (%)c 

Ref. point 
difference 
mm (%)d 

Average 
difference 
mm (%)a 

Min 
difference 
mm (%)b 

Max 
difference 
mm (%)c 

Ref. point 
difference 
mm (%)d 

Nonflexible paddle, 18x24         
Location A, GE 800T 4.1 (5.9) 2.3 (3.2) 7.3 (10.3) 4.3 (6.0) 4.5 (8.1) 2.3 (4.1) 7.3 (10.3) 4.3 (7.7) 
Location A, GE DMR+ 3.6 (6.8) 1.3 (2.3) 5.3 (9.8) 4.3 (7.9) 4.6 (11.2) 2.3 (5.4) 6.3 (15.1) 5.3 (12.7) 
Location B, GE DMR+ 2.8 (4.3) 1.3 (1.9) 4.3 (6.6) 3.3 (5.0) 4.3 (8.4) 3.3 (6.3) 5.3 (10.2) 4.3 (8.3) 
Location B, GE Essential 2.8 (4.5) 0.8 (1.2) 5.8 (9.1) 1.8 (2.8) 1.5 (3.1) 1.3 (2.5) 14.8 (13.6) 0.3 (0.5) 
Location C, Siemens Mammomat Inspiration 0.7 (1.0) 0.0 (0.0) 2.0 (3.1) 1.0 (1.6) 1.3 (2.6) 0.0 (0.0) 2.0 (3.8) 2.0 (3.8) 
Nonflexible paddle, 24x30         

Location A, GE 800T 2.8 (5.0) 2.3 (4.1) 4.3 (7.7) 3.3 (5.9) 3.4 (7.7) 1.3 (2.8) 4.3 (9.6) 3.3 (7.3) 
Location A, GE DMR+ 3.9 (7.4) 3.3 (6.1) 5.3 (9.8) 4.3 (7.9) 0.3 (0.7) 0.8 (1.8) 1.3 (2.9) 1.3 (2.9) 
Location B, GE DMR+ 4.6 (9.7) 2.3 (4.7) 7.3 (15.3) 5.3 (11.1) 5.6 (14.3) 3.3 (8.2) 7.3 (18.4) 6.3 (15.7) 
Location C, Siemens Mammomat Inspiration 0.1 (0.1) 1.0 (1.6) 2.0 (3.3) 0.0 (0.0) 0.3 (0.7) 1.0 (1.9) 2.0 (3.8) 1.0 (1.9) 
Flexible paddle, 18x24         

Location B, GE Essential 2.8 (4.5) 0.8 (1.2) 5.8 (9.1) 1.8 (2.8) 1.5 (3.1) 1.3 (2.5) 6.8 (13.6) 0.3 (0.5) 
Location D, Hologic Lorad Selenia 2.4 (3.2) 0.3 (0.3) 5.8 (7.4) 0.8 (1.0) 3.8 (6.8) 1.8 (3.1) 7.3 (12.8) 5.3 (9.3) 
Location D, Hologic Selenia Dimensions 1.0 (1.5) 0.3 (0.4) 1.8 (2.6) 0.8 (1.1) 3.6 (6.0) 1.3 (2.1) 7.3 (12.3) 2.3 (3.8) 
Location E, Hologic Lorad Selenia 5.0 (9.0) 1.3 (2.3) 7.3 (13.1) 6.3 (11.3) 10.5 (26.0) 3.3 (8.0) 13.3 (32.7) 13.3 (32.7) 
Flexible paddle, 24x30         

Location B, GE Essential 2.9 (4.4) 1.8 (2.7) 3.8 (5.8) 2.8 (4.2) 3.8 (7.0) 2.8 (5.1) 4.8 (8.7) 2.8 (5.1) 
Location D, Hologic Lorad Selenia 4.1 (4.9) 2.8 (3.3) 5.8 (6.8) 3.8 (4.4) 2.0 (3.0) 1.8 (2.6) 4.3 (6.4) 3.3 (4.9) 
Location D, Hologic Selenia Dimensions 4.8 (8.9) 1.8 (2.9) 2.8 (4.5) 1.8 (2.9) 4.8 (8.9) 2.3 (4.2) 8.3 (15.3) 2.3 (4.2) 
Location E, Hologic Lorad Selenia 0.2 (0.3) 1.3 (1.9) 1.8 (2.6) 1.3 (1.9) 4.5 (8.3) 1.3 (2.3) 7.3 (13.3) 6.3 (11.5) 
a Average difference: average difference between measured and readout thickness across the area defined as the breast area. 
b Min difference: minimum difference between measured and readout thickness across the area defined as the breast area. 
c Max difference: maximum difference between measured and readout thickness across the area defined as the breast area. 
d Ref. point difference: difference between measured and readout thickness for the hole defined as the reference point (row 1, column 8). 
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For all machine and paddle combinations the readout breast thickness was different to; reference 

point thickness, average thickness, minimum thickness, or maximum thickness. This resulted in the 

measured thickness being over-estimated and also under-estimated. The difference was more 

marked at 100 N compared with 60 N, suggesting that as force increases the error in thickness 

readout also increases. At 100 N and 18x24 paddle, only 2 (Location B GE Essential/18x24 flexible; 

Location C, Siemens Mammomat Inspiration/18x24/24x30 nonflexible) out of 9 machines (22%) gave 

reference point and average values for the breast area that were within 65% of the readout 

thickness. Flexible paddles had greater departure from measured thickness when compared with 

nonflexible paddles. 

Quality control and tolerance data supplied by manufacturers 

The results for the average difference in compressed breast thickness for the breast area was 

compared to the maximum difference in measured thickness (for phantom of known thickness) and 

readout thickness from the annual quality control. Only two units (GE Senographe DMR+ (Location 

A) and GE Senographe Essential) of the eight units (25%) were found to have an average difference 

between measured and readout thickness within the maximum difference found at the annual 

quality control. For the Hologic Lorad Selenia at Location D the average difference was larger than 

the difference between measured and readout thickness from the quality control for both paddles 

and both compression forces. For the other units (GE Senographe 800T, GE Senographe DMR+ 

(Location B), Siemens Mammomat Inspiration, Hologic Selenia Dimensions and Hologic Lorad Selenia 

(Location E)) discrepancies were found for 18x24 and/or 24x30 paddle and/or for both compression 

forces (60 and 100 N). The results in this study show that the test performed annually by the medical 

physicist might not be adequate to reveal discrepancies between the measured and the readout 

thickness. 

Our measurements for the compressed breast thickness were compared to the tolerance data stated 

in the operator manuals supplied by the different manufacturers. For GE Senographe 800T and GE 

Senographe DMR+ our results were within the tolerance limits of 610 mm stated in the operator 

manuals. Hologic Lorad Selenia user manual states that compression thickness accuracy should be 

60.5 cm for thicknesses between 0.5 and 15 cm. This was found to be true for one of the Hologic 

Lorad Selenia units (difference in measured and readout thickness for average breast area: 3.8 mm), 

but not for the other unit [difference in measured and readout thickness for average breast area: 

10.5 mm (18x24)], when the 18x24 paddle was used and 100 N compression force was applied. For 

GE Senographe Essential the difference between the measured and readout thickness for the breast 
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area was within the tolerance limit (610 mm). Had the tolerance limit been 65 mm, in other words 

the same as for Hologic Lorad Selenia/Hologic Selenia Dimensions, the results for the minimum 

difference between measured and readout thickness for the 18x24 paddles (nonflexible and flexible), 

when 100 N compression force was applied, would have also been within the limits. 

To calibrate the readout thickness Siemens uses a 42 mm phantom and compresses the object using 

a 70 N compression force. The readout thickness should read between 39 and 45 mm. If not a 

recalibration is performed. 

A calibration of the Hologic Lorad Selenia is performed by compressing a 5 cm thick phantom (BR-

12, CIRS, Norfolk, VA). A compression force of 133.5 N is applied, and then the compression thickness 

is calibrated for the installed paddle/receptor combination. 

For Hologic Selenia Dimensions most of the calibration is done automatically. A 2 and 8 cm thick 

phantom (BR-12) is compressed by applying 133.5 N compression force, and the machine will then 

register the thickness of the phantom. For the “FAST” paddle (the flexible paddle) the same approach 

is taken, but without any compression. The paddle is just lowered until it touches the phantom, and 

the machine is told that this is 2 or 8 cm. The fact that a rigid phantom is used for this test is probably 

not optimal, because a tilt will probably occur. Maybe one needs to rethink how the thickness is 

measured, or maybe a different approach to how the paddle is constructed needs to be addressed. 

GE also has routines for the calibration of the thickness, but the calibration routines are propriety. 

Reference point 

The difference between readout and measured thickness for the reference point and the average 

breast area values are similar [0.760.2 mm (in percentage: 1.4±0.5%)], suggesting that a simplistic 

one-point of sample could be used for accurate estimation of average breast thickness. This 

approach would involve sampling only at the reference point, which would mean that the measuring 

time for the thickness would decrease drastically (from a maximum of 105 measurements down to 

one). We found that there is a large variation in the chest wall to nipple direction, and a smaller 

lateral variation, in accordance with Diffey et al.10 A better estimate would therefore be to measure 

the thickness for the points/holes outlining the breast area; in this way, a better average for the 

compressed breast thickness could be measured. 

Where Diffey et al.10 found for real breasts an underestimation of thickness of as much as 21.2 mm 

in the chest to nipple direction, our results show a maximum underestimation of 13 mm for a Hologic 

Lorad Selenia mammography machine, and a maximum overestimation of 8 mm for a Hologic Selenia 
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Dimensions mammography machine. If one takes into consideration this under-/overestimation of 

thickness only (and not the fact that a change in the thickness might also have implications for the 

choice of target/filter combination and kV), the MGD can be estimated. For a Hologic Lorad Selenia, 

for instance, an underestimation of 13 mm would imply a smaller estimated MGD of 17% for a thin 

breast (readout thickness 35 mm) and 9% for a thick breast (readout thickness 80 mm). An 

underestimation of thickness will in general imply that the MGD originally estimated is too large, and 

thus overestimate the MGD and the risk. For a Hologic Lorad Dimensions an overestimation of 8 mm 

would imply a larger estimated MGD of 20% for a thin breast (readout thickness 31 mm) and 6% for 

a thick breast (readout thickness 79 mm). An overestimation of thickness will in general imply that 

the MGD originally estimated is too small, and thus underestimate the MGD and the risk. 

Correction factor 

Varying paddle/machine combinations give different error levels between readout thickness and 

measured thickness. Correction factors may be applied, in order to obtain higher accuracy clinically. 

The correction factor can be found by dividing the measured thickness with the readout thickness 

for different manufacturers/models, different paddle sizes (in this study: 18x24 and 24x30) and  

Study limitations 

Preservation of breast phantom integrity limited our experiment to a maximum pressure force of 

100 N. We propose that a more resilient breast phantom should be used across a broader range of 

clinically representative force values (e.g., 60 N stepping 10 to 150 N). This would provide a better 

understanding on how bend and distortion may vary across the higher end of the normal clinical 

pressure range. In this study the effect of different breast volumes or breast densities was not 

considered; extending these variables might be considered, as bend and distortion may be affected 

by them. 

A further limitation in this study is the fact that a different readout thickness was achieved every 

time the measurements were repeated. When compressing the phantom, different thicknesses were 

achieved every time; as such the results are not reproducible. Positioning error was reduced by trying 

to position the phantom approximately in the middle of the compression paddle (along midline), but 

the compressed thickness still altered. 

Tyson et al.9 devised a method for determining the compressed breast thickness that had a thickness 

determination accuracy of better than 1 mm, and a measurement accuracy of better than 0.2 mm. 

The method described here will lead to a larger inaccuracy than the method described by Tyson et 
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al.9 Tyson et al.9 state that a mean accuracy of better than 1 mm is required to make good estimates 

for the volumetric breast density. It was not possible with the device used in this study to obtain such 

a precision, but as for use in a busy clinically environment the TMD can be used to determine the 

difference in measured and readout thickness. 

Clinically adaptable method 

In theory this method can be applied for real breasts in a clinic to measure the real compressed 

breast thickness for the breast. The breast must be placed inside the TMD, in the same fashion as 

the phantom, compression must be applied and the compressed breast thickness must be measured. 

Because of the time span (20 min) for measuring the compressed breast thickness in this study, it 

will probably be necessary to limit the number of measurements performed to only one point (e.g., 

the reference point). The breast must then be recompressed (applying the same compression force) 

in order to obtain the actual image. This last step will probably be difficult to accomplish, since it has 

been shown to be difficult to obtain the same thickness applying the same compression force when 

compressing an object similar to a breast. 

Conclusion 

The difference in the readout thickness and the measured thickness varies between units for the 

same model and between manufacturers. Individual correction factors for breast thickness may need 

to be established for each dependent on paddle selection and compression force applied. Any 

corrections to compressed breast thickness need therefore to be performed for the unit in question, 

and one cannot assume that the correction in compressed breast thickness applies to all 

mammography machines of the same model. 
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Abstract 

In full field digital mammography (FFDM) the whole breast is subjected to compression with a 

perspex compression paddle in order to reduce breast thickness and improve image quality. Once a 

mammographic abnormality has been detected using FFDM and a decision to proceed with a 

stereotactic (X-ray) guided core biopsy has been made, a different compression paddle is utilised. 

This paddle has a central aperture in order to allow access to the lesion for biopsy. 

Clinical observations made during biopsy procedures have revealed that a bulge of tissue forms 

within the aperture. The magnitude of the bulge of tissue and BI-RAD breast density was recorded 

in 15 consecutive patients. Results showed an average of 18.7% (range 11.3e30%) increase in the 

breast thickness (over the bulge region) compared to the surrounding compressed breast. 

BI-RAD breast density category 3 had on average the lowest measured thickness and the greatest 

percentage of tissue bulge. Overall, results confirm that for all patients there was a measurable tissue 

bulge that varied from 6 mm to 10 mm, representing between 10.14% and 23.08% of additional 

tissue not measured by the machine. In clinical practice a perceivable difference in lesion visibility 

was subjectively indicated between the FFDM images and the stereotactic scout biopsy image. 

The suggested hypothesis from these observations is that there may be an association between the 

magnitude of the tissue bulge and the ability to accurately perceive certain lesions during 

stereotactic biopsy procedures. A phantom study is in progress to determine how lesion visibility 

varies with the amount of tissue bulge. 
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Introduction 

The UK NationalHealth Service Breast Screening Program(NHSBSP) was implemented to detect 

breast cancer at an early stage, with a subsequent associated reduction in mortality.1 The 

mammographic signs are often subtle, minimal and confined to a small range of tissue densities.2,3 

Mammographicimagequalityenhancementisdetermined by several factors and breast thickness 

reduction is considered to be a fundamental factor in achieving this.4,5 In full field digital 

mammography (FFDM) the whole breast is subjected to compression with a Perspex compression 

paddle in order to reduce the breast thickness. 

Once a mammographic abnormality has been detected using FFDM and a decision to proceed with 

a stereotactic (X-ray) guided core biopsy has been made, a different compression paddle is utilised. 

This paddle is smaller and has a central aperture in order to allow access to the lesion for biopsy (Fig. 

1). The area of concern containing the abnormality is placed as centrally as possible within 

the aperture and the tissue surrounding the lesion is compressed to immobilise the breast and 

reduce tissue thickness. 

Clinical observations made during biopsy procedures have revealed that a bulge of tissue forms 

within the aperture (Fig. 1). It was also noted that some lesions become less conspicuous when using 

the biopsy paddle compared with images obtained using the standard mammography paddles. 

A measuring instrument (Fig. 2) was developed to determine tissue bulge magnitude. As seen in Fig. 

2, the instrument comprised a metal tool with a scale in millimetres and a plastic plunger. When the 

measuring instrument is placed on the outer lip of the biopsy compression paddle the plunger can 

be lowered to touch the upper surface of the breast bulge. At this point the measurement of breast 

bulge magnitude can be taken from the scale on the measuring instrument. Using the instrument, 

15 consecutive patients had measurements taken to determine bulge magnitude. 

Mammography units routinely provide breast thickness measurements which normally show the 

thickness of the breast under compression; for the biopsy paddle these measurements would 

represent the tissue immediately surrounding the area of the aperture. 
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Figure 1. Typical breast bulge observed during Stereotactic needle core biopsy procedure. 

 

Figure 2. Instrument devised to measure the breast bulge. 

Also recorded was the BI-RAD density classification6 as this indicates the overall percentage of 

glandular tissue of the breast. There is a recognised relationship between breast density and 

perception of abnormalities.7 

The thickness of breast given by the mammography unit was compared to those corrected for bulge 

magnitude through use of the measuring instrument. The results (Table 1) of the 15 patients show 
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an average of 18.7% (range 11.3e30%) increase in the breast thickness (over the bulge region) 

compared to the surrounding compressed breast. 

BI-RAD 
classification for 
breast density 
(Type1e4) 

Machine 
recorded 
thickness 
(mm) 

Additional depth 
of tissue (bulge) 
(mm) 

Overall 
tissue 
depth 
(mm) 

% Of 
additional 
tissue 
(bulge) 

1 55.00 7.00 62.00 11.76 

1 68.00 8.00 76.00 12.73 

1 30.00 9.00 39.00 12.73 

1 46.00 10.00 56.00 14.55 

1 55.00 7.00 62.00 16.33 

1 55.00 8.00 63.00 18.42 

1 38.00 7.00 45.00 18.42 

1 45.00 10.00 55.00 21.74 

1 38.00 7.00 45.00 22.22 

1 30.00 7.00 37.00 23.33 

1 49.00 8.00 57.00 30.00 

2 62.00 7.00 69.00 11.29 

2 36.00 6.00 42.00 16.67 

3 29.00 8.00 37.00 22.86 

3 35.00 8.00 43.00 27.59 

     
Table 1 Additional measured tissue for 15 Patients. 

 

Graph 1. Demonstrating the range of thickness of compressed breast tissue relative to breast density. 

Table 1 demonstrates tissue bulge measurements from 15 patients undergoing stereotactic core 

biopsy. BI-RAD categories were assigned to determine percentage of glandular tissue. There were no 

patients classified as BI-RAD category 4, this was most likely due to the fact that this represents very 

dense tissue and is uncommon in the breast screening age group. 

Graph 1 demonstrates that BI-RAD 3 category had on average the lowest measured breast thickness. 

Graph 2 demonstrates that BI-RAD 3 category had the greatest amount of additional tissue, leading 

to the greatest percentage of additional tissue; this is shown in Graph 3. Any difference between BI-

RAD categories is difficult to establish due to the small number of patients. However Graphs 1e3 
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present data which suggests that for all patients there was tissue bulge, and this varied from 6 mm 

to 10 mm, representing between 11.29% and 30.00% of additional tissue. 

 

 

Graph 2. Demonstrating the range of tissue bulge thickness relative to breast density. 

 

Graph 3. Demonstrating the % increase of tissue bulge relative to breast density. 

The additional breast thickness (bulge) would not be measured/ detected by the mammography 

machine. Machine detected breast thickness is essential for auto-setting of exposure factors, notably 

kVp. Having an inaccurate thickness could result in suboptimal exposure factors being used; this 

might affect image quality and lesion visibility. 

Lesion visibility was compared between the FFDM screening images and the stereotactic scout 

biopsy images. The images were viewed under standardised reporting conditions by two Consultant 

Radiographers. A perceivable difference was noted in lesion visibility, with the images used for biopsy 

procedures showing the lesions less clearly. This has led to the suggestion that there may be an 

association between the tissue bulge and the clinicians ability to accurately perceive and target 

certain lesions during stereotactic biopsy procedures. Currently a phantom study is being conducted 

to determine how lesion visibility varies as bulge increases. 
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Abstract 

Background: During mammography guided stereotactic breast biopsy a bulge of tissue can form in 

the paddle needle biopsy aperture. This bulge has been estimated to have a height of up to 30% of 

the breast itself. During clinical biopsy we have noticed that lesions can appear to be less visible 

when tissue bulges are evident. This can make biopsy more difficult in some cases. 

Objectives: This experiment investigates how lesion visibility varies with breast bulge magnitude. 

Method: Using a phantom to represent breast and breast bulge, lesion visibility was assessed using 

a two alternative forced choice methodology. To mimic clinical conditions, imaging was performed 

on a full field digital mammography system with the biopsy paddle attached using an automatic 

exposure device. Organ dose (breast) was estimated. 

Results: As breast bulge increases lesion visibility decreases; organ dose increases as breast bulge 

magnitude increases. 

Conclusion: Consideration should be given to the impact of breast bulge magnitude and lesion 

visibility when performing image guided biopsy. 

Advances in knowledge: The authors found no similar studies and the results of this study 

demonstrate a potential clinical risk. 
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Introduction 

Associated with the establishment of the National Health Breast Screening Program (NHSBSP) and 

continuing technological advancements in mammographic imaging systems, smaller and more 

subtle breast abnormalities are being detected, however various factors confound this.1,2 The ability 

to achieve an accurate histo-pathologic diagnosis is fundamental, and often this involves tissue 

sampling through ultrasound or mammography guided biopsy. Stereotactic (mammography) guided 

needle core biopsy is a well-established technique for sampling nonpalpable breast lesions and 

sensitivity/sensitivity rates can be very high.3,4 

In stereotactic biopsy we have noticed perceivable differences in lesion visibility between the full 

field digital mammographic (FFDM) views obtained during diagnostic work-up and the small field 

images used during stereotactic biopsy. Lesions seen on small field images during biopsy procedures 

can be harder to see in the clinical room compared with the same lesions acquired using FFDM in 

the reporting room. This reduction in lesion visibility can make biopsy harder in some cases. Image 

quality is dependent on many factors; these include type, design and performance of the imaging 

equipment. Differences also exist between FFDM and small field images for biopsy. Display 

differences also exist e lower resolution screens tend to be used for biopsy, whereas higher 

resolution screens are used for diagnosis. A further confounding factor could be related to breast 

tissue bulge.5 

In 2013 Hackney et al. described a bulge of breast tissue which can form within the aperture of the 

paddle during biopsy procedures.5 An average of 18.7% (range 11.3e30%) increase in breast 

thickness over the bulge region occurred compared to the surrounding compressed breast. Hackney 

hypothesised that breast bulge might diminish lesion visibility during stereotactic biopsy procedures. 

Despite an intensive literature search no other publications were found on this phenomenon. Using 

a phantom, this paper builds on Hackney’s tissue bulge work to determine whether an association 

does exist between bulge magnitude and lesion visibility. 

Materials and methods 

A phantom study was conducted to simulate clinical conditions. Phantom design was informed by an 

audit of compressed breast sizes.5 Perceptual measures of lesion visibility were used to assess the 

effect of tissue bulge across a range of breast phantom/breast bulge thicknesses. 
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Breast phantom 

To inform breast phantom size, breast thickness readout from an FFDM mammography machine 

(Siemens Inspiration system (Siemens PLC, Berkshire)) was noted on a convenience sample of 100 

female clients for right Medio-Lateral Oblique (MLO), left MLO, right Cranio-Caudal (CC) and left CC 

(Table 1). Minimum breast thickness was 21 mm, maximum 95 mm, mean 56.6 mm, SD 13.47. 

Perspex has similar scattering and attenuation characteristics to human soft tissue.6,7 Perspex was 

therefore used for breast phantom and breast bulge construction. Four Aluminium disks of different 

thicknesses (5 mm diameter; thicknesses e 0.001, 0.002, 0.004 and 0.009 mm) were used to simulate 

lesions, as these imitate high density lesions.8,9 

Using data from Table 1, the breast phantom was constructed. The phantom comprised of Perspex 

blocks measuring 205 mm (L)  105 mm (W)  10 mm (D). These could be stacked to represent different 

breast thickness. The four aluminium discs were encased between the two Perspex blocks (Fig. 1). 

Data from Hackney’s study5 were used to determine phantom bulge magnitudes. Perspex, measuring 

53 mm  41 mm  5 mm (the size of the biopsy paddle aperture), were placed directly over the 

aluminium disks located within the biopsy compression paddle aperture (Image 1). 

Phantom imaging 

Siemens Inspiration (Siemens PLC, Berkshire) FFDM was used in conjunction with a digital X-ray 

stereotactic breast biopsy system (Siemens PLC, Berkshire). Both met the quality control standards 

for screening and assessment.10 

The compression plate used for the stereotactic views was a 3D biopsy compression paddle 

measuring 100 mm (L)  94 mm (W) with a 55 mm (W)  44 mm (L) aperture (Fig. 2); the standard 

compression paddle measured 245 mm (L)  175 mm (W). 

Normal clinical practice was followed to replicate clinical conditions with the exposure factors being 

auto-selected by the equipment (Table 2). 

Stereotactic scout image 

As there are a number of confounding factors influencing image quality, the decision was taken to 

use the stereotactic scout view for all test images therefore minimising the number of variables. In 

the scout view the X-ray beam is perpendicular to the phantom whereas the stereotactic image pairs 

involve a 10 angulation of the tube head to the left and right. This change in beam angulation could 

result in the beam passing through a variation in bulge thickness, which in turn may affect Aluminium 
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disc visibility. Also, the aluminium discs may be distorted with the change in angle of the X-ray beam, 

again this may also influence disc visibility. 

 Right MLO Left MLO Right CC Left CC 

Minimum 24 mm 21 mm 27 mm 25 mm 

Maximum 95 mm 91 mm 91 mm 86 mm 

Mean 57.22 58.21 55.42 55.69 

SD 13.88 14.64 12.46 12.91 

Table 1 Breast thickness for all views. 

 

 

Figure 1. Top e plan view; bottom e side view. Both demonstrate the four aluminium disks encased by the two perspex blocks. 

 

Image 1. Perspex blocks which were utilised for varying breast and tissue bulge thicknesses. 

Images were acquired in the CC plane. The phantom was placed on the detector so the long edge 

(205 mm) was in line with the chest wall edge and central to the unit. The four aluminium discs were 

positioned within the biopsy aperture of the compression paddle. The phantom and the additional 

Perspex blocks were numbered and always orientated in the same direction for each set of images. 

For all images, the compression setting (Table 2) was constant (75 N). 
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Figure 2. Representation of the biopsy compression paddle. 

 

Image 
set 

Phantom breast 
thickness (mm) 

Bulge thickness 
(mm) 

kV mAs Exposure 
time (ms) 

Compression 
thickness (mm) 

Compression 
force (N) 

Anode/filter Organ dose 
(mGy) 

Ent. 
dose 
(mGy) 

Set 1 40 0 27 36 572 38 78 Mo/Rh 0.89 2.56 

 40 5 27 45 573 38 76 Mo/Rh 1.12 3.21 

 40 10 27 59 574 38 79 Mo/Rh 1.46 4.17 

 40 15 27 75 576 38 79 Mo/Rh 1.85 5.30 

Set 2 50 0 28 51 579 48 74 Mo/Rh 1.19 4.24 

 50 5 28 64 579 48 73 Mo/Rh 1.5 5.33 

 50 10 28 82 651 48 73 Mo/Rh 1.92 6.84 

 50 15 28 103 812 48 73 Mo/Rh 2.42 8.64 

 50 20 28 129 1003 48 73 Mo/Rh 3.02 10.79 

Set 3 60 0 29 70 581 57 78 Mo/Rh 1.62 6.82 

 60 5 29 87 710 58 76 Mo/Rh 1.97 8.49 

 60 10 29 110 893 57 78 Mo/Rh 2.55 10.75 

 60 15 29 137 1100 57 79 Mo/Rh 3.17 13.37 

 60 20 29 170 1356 57 78 Mo/Rh 3.93 16.59 

 60 25 29 206 1637 57 79 Mo/Rh 4.77 20.14 

Set 4 70 0 30 95 802 67 77 Mo/Rh 2.15 10.63 

 70 5 30 117 977 67 77 Mo/Rh 2.65 13.09 

 70 10 30 146 1210 67 77 Mo/Rh 3.31 16.34 

 70 15 30 175 1441 67 76 Mo/Rh 3.97 19.61 

 70 20 30 217 1782 67 77 Mo/Rh 4.94 24.38 

 70 25 30 250 2044 67 76 Mo/Rh 5.68 28.06 

 70 30 30 330 2687 67 77 Mo/Rh 7.51 37.10 

Set 5 80 0 33 82 769 77 72 Mo/Rh 2.29 12.90 

 80 5 31 149 1276 77 72 Mo/Rh 3.38 19.32 

 80 10 31 182 1553 77 73 Mo/Rh 4.14 23.63 

 80 15 31 223 1888 77 72 Mo/Rh 5.06 28.91 

 80 20 31 269 2268 77 72 Mo/Rh 6.11 34.87 

 80 25 31 318 2670 77 72 Mo/Rh 7.21 41.18 

 80 30 31 394 3305 77 72 Mo/Rh 8.96 51.14 

 80 35 33 269 2413 77 72 Mo/Rh 7.51 42.34 

Set 6 90 0 32 212 1477 86 77 W/Rh 2.31 10.67 

 90 5 32 252 1756 86 77 W/Rh 2.76 12.73 

 90 10 32 306 2118 86 77 W/Rh 3.34 15.41 

 90 15 32 354 2449 86 77 W/Rh 3.88 17.86 

 90 20 32 437 3012 86 77 W/Rh 4.78 22.02 

 90 25 32 533 3665 86 77 W/Rh 5.83 26.86 

 90 30 34 349 2565 86 77 W/Rh 4.5 19.26 

 90 35 34 415 3037 86 77 W/Rh 5.34 22.86 

 90 40 34 510 3730 86 77 W/Rh 6.58 28.14 

Set 7 100 0 35 158 1218 96 77 W/Rh 2.03 9.87 

 100 5 35 185 1417 97 73 W/Rh 2.36 11.58 
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For stereotactic biopsy settings the small collimation field was active. The grid was in the out 

position. The system was configured to remove the grid automatically for stereotactic images as grid 

cutoff would occur when acquiring the stereotactic image pair which involves 10 angulation of the 

X-ray beam across the detector. In the advanced settings the auto-decompression was switched off, 

and the Opcomp11 was switched on. Opcomp informed the automatic exposure parameters e kV, 

mAs, anode/filter. 

The automatic exposure control (AEC) segmentation11 was switched on. The AEC calculates the mAs 

based on the pixel value received in the prepulse. The purpose is to optimise exposure parameters 

breast size and composition, whilst achieving optimal image contrast. A total of 7 sets of phantom 

images were taken (see Table 2); dose information was also recorded. 

The number of image sets was determined by the phantom plus the number of additional Perspex 

blocks, up to a maximum of 100 mm as informed by the breast thickness study. In our study we 

included a much larger bulge size than measured by Hackney et al. Bulge magnitude was limited by 

the dimension of the Perspex pieces which only allowed 5 mm increments (Image 2). 

Visual appraisal 

Images were visually appraised with dimmed ambient room lighting on two 5-megapixel monitors 

(Siemens PLC, Berkshire); monitor quality control results fell within manufacturer specifications. 

14 clinical colleagues (3 radiologists and 5 radiographers with film reading qualifications and 6 

mammographers) appraised the images. These volunteers were blinded to other volunteer scores 

and the conditions under which the images were produced. Images were displayed in a randomised 

order. No alteration to the images was permitted by the volunteers. Images were viewed with single 

tiling format, with each image expanded to the full monitor screen. This resulted in a pixel size 

magnification of 2.19, a true size magnification of 4.46, original 81 mm and displayed 37 mm. A 

cardboard shield was applied to the monitor face to reduce distracting glare and reflections from 

outside the field of view. 

 100 10 35 215 1642 97 73 W/Rh 2.75 13.47 

 100 15 35 252 1920 96 78 W/Rh 3.25 15.74 

 100 20 35 284 2158 97 73 W/Rh 3.63 17.81 

 100 25 35 344 2604 96 78 W/Rh 4.43 21.48 

 100 30 35 415 3127 96 77 W/Rh 5.33 25.85 

 100 35 35 500 3763 96 77 W/Rh 6.43 31.18 

 100 40 35 462 3479 96 77 W/Rh 5.94 28.80 

 100 45 35 457 3447 97 77 W/Rh 5.84 28.64 

Table 2 Phantom characteristics and dose data. 
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Figure 3. A diagrammatical representation of the Perspex configuration from image set 1. 

Two alternative forced choice (2AFC) was used for visual grading.12 For each image set (Table 2) a 

reference image was selected for comparison against the other images in its set. Volunteers 

performed the 2AFC task by comparing the reference image against the evaluation images. The 2AFC 

task used a 5 point Likert scale: score range of 1e5 in 1 = much worse than the reference image, 2 = 

worse than the reference image, 3 = equal to the reference image, 4 = better than the reference 

image, 5 = much better than the reference image. Volunteers also recorded how many aluminium 

discs they could visualise on each evaluation image. 

 

Image 2. Image from the configuration shown in Fig. 3. 

 

Results 

Data from the 14 volunteers’ 2AFC visual grading tasks were combined to calculate a visibility score. 

The visibility score is defined as the number of lesions seen (1-4) multiplied by the score given using 

the 2AFC method on the 5 point Likert scale (1-5): 

V = n.S 
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where: 

V = visibility score  

n = number of lesions seen in the image  

S = 2AFC score given for image 

The visibility score therefore ranged from 1 to 20; 20 was the highest possible score. 

Graph 1 demonstrates the average visibility score for all observers, for each breast phantom 

thickness, with increasing phantom bulge thickness. As expected, increasing breast thickness 

decreases the visibility score. 

Graph 2 demonstrates the average visibility score against added bulge tissue. Increasing bulge 

thickness causes deterioration in the visibility score. 

The recorded organ dose is demonstrated in Graph 3. As automatic exposure chambers were used 

there are a few anomalies on the graph. These data points represent a change in kV, or target/ filter 

combination, which leads to a change in organ dose. This can be seen clearly at 30 mm of bulge tissue 

for 80 mm breast thickness, 25 mm of bulge tissue for 90 mm breast thickness, and 35 mm of bulge 

tissue for 100 mm breast thickness. 

The average visibility score was then divided by the organ dose, to give an optimisation score, where:  

O.S: = V/OrgD(mGy1) 

where: 

O.S. = optimisation score 

V = average visibility score for all observers 

OrgD = organ dose for the image (mGy) 

A higher value of O.S. indicates a better quality image, for lower organ dose; a low value of O.S. 

indicates a poor image quality with high organ dose. 

As the breast tissue thickness increases the O.S. decreases (Graph 4). As the bulge thickness 

increases, the O.S. also decreases, indicating a higher organ dose with poorer image quality. 



49 
 

 

Graph 1. Visibility score compared to bulge thickness, for each phantom breast thickness. 

 

Graph 2. Average visibility score compared to bulge thickness. 
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Discussion 

The Aluminium disks become less visible as the breast bulge thickness increases (Graph 2). One 

explanation for lesions becoming less visible, as noted by Hackney et al., could be due to breast bulge. 

The data can be explained by understanding how the automatic exposure system works in FFDM. In 

FFDM the machine given readout for breast thickness is used to auto-select kV. Usually the readout 

thickness is estimated from the rigid supporting system towards the rear of the machine which holds 

the paddle in place; this mechanism is prone to readout thickness inaccuracies.13 If additional tissue 

(e.g. breast bulge) is added to the breast and that additional thickness is not accounted for, so the 

thickness could be underestimated and the kV set to be too low. This is demonstrated in sets 5, 6 

and 7. Auto-select resulted in too low a kV and a “flash-exposure”. 

The kV was selected according to the breast thickness but as the bulge thickness was increased 

adjustment to the exposure parameters was required to penetrate the additional thickness of 

Perspex as shown in Table 2. This meant an increase in kV, and additionally in set 7 with 9 bulges, 

the “low quality” algorithm had to be selected in order to obtain an image. During the exposure the 

ionisation chamber allows the exposure to continue until adequate radiation has been received to 

permit termination. If kV is too low the ionisation chamber could increase exposure time to 

compensate, resulting in an increase in mAs. For phantom thicknesses of 100 mm and above 80 mm 

of additional Perspex to the 20 mm thick phantom, bulges greater than 40 mm resulted in images 

not being acquired due to termination of the exposure. This was due to the automatic selection of 

kV not compensating for the bulge. If the initial kV is too low then inadequate penetration could 

occur. This could result in lesion visibility being reduced. 

The combination of breast tissue bulge, auto-selection of kV and the potential compensation by 

increasing mAs through the automatic exposure device creates another problem, as demonstrated 

in Fig. 3. The mean glandular dose increases as bulge thickness increases. mAs has a linear 

relationship with organ dose whilst kV has a positive, non-linear relationship. If kV is reduced on its 

own this would lead to a reduction in organ dose. However the increase in mAs demanded by the 

automatic exposure device is likely to result in a net increase in organ dose. This phenomenon could 

be mitigated if the kV was correctly auto-selected in the first place. Graph 4 clarifies the situation, as 

the optimisation score demonstrates the combined effect of organ dose and lesion visibility due to 

increasing breast bulge thickness e as organ dose increases whilst lesion visibility decreases. 
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We believe the trends illustrated in our paper will occur when imaging human breast tissue during 

stereotactic procedures. Steps should be taken to minimise bulge magnitude and/or reduce the 

impact of bulge on lesion visibility. 

Although the vertical approach of performing stereotactic biopsy is more frequently used, there is 

the option of undertaking biopsies with a “lateral arm” mechanism. This method of sampling would 

allow full compression of the breast tissue, as there is no aperture required, but it is not without its 

limitations. 

In the clinical setting the equipment used in our experiment has been configured to give a diagnostic 

image with the lowest dose. In fact, it may be appropriate to increase the dose to improve image 

quality, especially for thicker breasts. On the equipment used in our experiment Mo/Rh is the default 

target/filter setting for stereotactic images regardless of compressed breast thickness. For a thin 

breast lesion visibility could be improved by selection of the Mo/Mo option as demonstrated by the 

test images in Image 3 below. 

Manual manipulation of the anode filter combination, adjusting the kV and selecting the “high 

quality” algorithm for subtle, low density microcalcification may optimise lesion visibility. The 

equipment used also locks the exposures factors for the stereotactic “scout” image and utilises these 

for the stereo pair images. This confounds the phenomenon as the X-ray beam is penetrating a 

different volume of tissue and density in an oblique projection (10) comparative to a perpendicular 

angle of penetration. 
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Conclusion 

For our phantom, as breast bulge size increases, lesion visibility decreases. At the same time organ 

dose increases. A practical way in which visibility could be improved and organ dose reduced would 

be to limit the formation of the bulge in the first place, this could be by improving the biopsy paddle 

design. Alternatively, the actual thickness of breast and bulge could be more accurately estimated. 

Conflict of interest None. 
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Abstract 

The application of breast compression in mammography may be more heavily influenced by the 

practitioner rather than the client. This could affect image quality and will affect client experience. 

This study builds on previous research to establish if mammography practitioners vary in the 

compression force they apply over a six-year period. 

This longitudinal study assessed 3 consecutive analogue screens of 500 clients within one screening 

centre in the UK. Recorded data included: practitioner code, applied compression force (daN), breast 

thickness (mm), BI-RADS density category and breast dose. Exclusion criteria included: previous 

breast surgery, previous/ongoing assessment, breast implants. 344 met inclusion criteria. Data 

analysis: assessed variation of compression force (daN) and breast thickness (mm) over 3 sequential 

screens to determine whether compression force and breast thickness were affected by practitioner 

variations. 

Compression force over the 3 screens varied significantly; variation was highly dependent upon the 

practitioner who performed the mammogram. Significant thickness and compression force 

differences over the 3 screens were noted for the same client (<0.0001). The amount of compression 

force applied was highly dependent upon the practitioner. Practitioners fell into one of three 

practitioner compression groups by their compression force mean values; high (mean 12.6 daN), 

intermediate (mean 8.9 daN) and low (mean 6.7 daN). 

For the same client, when the same practitioner performed the 3 screens, maximum compression 

force variations were low and not significantly different (p > 0.31). When practitioners from different 

compression force groups performed 3 screens, maximum compression force variations were higher 

and significantly different (p < 0.0001). 

The amount of compression force used is highly dependent upon practitioner rather than client. This 

has implications for radiation dose, patient experience and image quality consistency. 
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Introduction 

In mammographic practice, breasts are compressed until adequate thickness reduction is induced. 

Various descriptors have been proposed to indicate when enough compression force has been 

applied.1e5 The main aims of compression include the requirement to improve image quality6 and the 

need to  

minimise breast radiation dose.7 However, within the National Health Service Breast Screening 

Programme (NHSBSP), there are no specific guidelines for optimal compression force levels required 

to achieve effective breast thickness reduction, other than a statement indicating that ‘the force of 

the compression on the X-ray machine should not exceed 200 N’.8 

 Previous research9 has established that practitioners vary in the amount of compression force they 

apply to breast tissue during mammography. This finding was independent of specific client 

characteristics (e.g. breast density). This research involved the cross sectional evaluation of 14 

practitioners and 344 clients’ compression force data on one mammography unit. Statistical analysis 

demonstrated a highly significant difference in mean compression used by different practitioners (p 

< 0.0001 for each BI-RADS density). Practitioners applied compression force in using low, 

intermediate or high compression force, with no significant difference in mean compression force 

within each group (p ¼ 0.99, p ¼ 0.70, p ¼ 0.54, respectively). It concluded that practitioners routinely 

apply either low, intermediate or high levels of compression force. Consequently, it was suggested 

that the amount of compression force applied to the breast could be highly dependent upon the 

practitioner. 

As NHSBSP requires serial imaging to occur at regular intervals, with images reviewed to assess for 

subtle changes,10 if compression force variability between practitioners exists then comparison 

between images over time may become more challenging. Additionally, and importantly, client 

experience may vary too and this may affect re-attendance rates. As such, we conducted a 

retrospective analysis to establish whether practitioner variations in compression force existed over 

time. For this analysis we identified a consecutive analogue sample from NHSBSP client data over 3 

screening cycles e 6 years in total. 
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Materials/method 

Study characteristics 

The study was performed in a regional breast screening service located in the North of England (UK). 

Hospital audit and University ethics committees approved access to a sample of 500 clients from 

which data could be drawn. In order to reduce variability between mammogram machines, data was 

gathered from one static site, using one mammogram machine (analogue GE DMRþ mammography 

machine; Chalfont St. Giles, UK). The machine was operating within NHSBSP and manufacturer 

specifications11,12 during the study period. 

Client sample 

Analogue mammogram images and associated data were gathered retrospectively. Data was 

gathered from clients who attended three consecutive screens. Only three screening rounds could 

be included as the required data for this study was unavailable prior to 2004. Data and images were 

therefore included from 2004, enabling 2004, 2007 and 2010 screening rounds for inclusion. 

Identification of clients who were included into this study was through a consecutive convenience 

sampling basis. To be included each client had to have 3 consecutive screening mammograms 2004, 

2007 and 2010; their first recorded mammogram experience at 2004. Each would have had the 4 

standard projections acquired (left/right CC (cranialecaudal) and left/right MLO (medio-lateral 

oblique)). For each client the following information was recorded e size of film, breast compression 

force value in deca-Newtons (daN), compressed breast thickness (mm) and the name of practitioner 

who performed the mammogram. The latter was coded for anonymity purposes. 

Mean glandular dose (MGD) estimations12 were calculated retrospectively for specific clients. 

Together with this, breast density was established by one reader for each image using the 4 point BI-

RADS scale (Breast Imaging Reporting and Data System13) e BIRADS 1 <25% dense, BI-RADS 2: 25%-

50% dense, BI-RADS 3: 51%-75% dense, and BI-RADS 4 >75% dense. This reader was an experienced 

breast practitioner who had good BI-RADS classification scoring agreement with 3 other experienced 

breast clinicians (Kappa 0.83, 0.92, 0.83). 9 

Exclusion criteria 

Exclusion criteria included: the inability of clients to tolerate compression force, clients who had 

breast pain, previous breast surgery, breast implants or cysts/abscesses, disabled clients, clients with 

arm/shoulder movement limitations. As the study was retrospective, some client data we would 
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have liked to consider was not available e for example point in menstrual cycle and whether the 

client had pain upon pressure application. Consequently these parameters could not be considered 

in our analysis. Due to exclusion criteria 156 of the 500 clients were not included; 344 clients 

remained. This represented 1032 ‘mammogram sets’ over the 3 screening rounds - 4128 individual 

images. 

Practitioners 

The clients were imaged by 14 trained practitioners; these consisted of all the staff who rotated 

through the breast imaging department at the time of the study. They comprised of Advanced 

Practitioners, mammographers and Assistant Practitioners with experience ranging from 1 to 12 

years. These practitioners were the same as those used in a previous study9; this permitted direct 

comparison of results between these two studies. The average number of mammograms performed 

per practitioner was 73 (range 10-146). 

Results 

For the 344 clients the following analysis was carried out. 

Breast density change 

Data was categorised into BI-RADS breast density distribution for each mammogram visit. Only 7% 

of clients (n = 24) showed a change in BI-RADS density over time. This represented a reduction of one 

BI-RADS density grade. These clients were not removed from the sample prior to analysis in the first 

instance as images were analysed separately. It was only when sequential patient images were 

considered together that these BI-RADS density variations were removed. 

Compression force values 

Regardless of BI-RADS density grade, practitioner data was first analysed for mean compression force 

on each mammogram projection (MLO and CC). All mammograms were assigned to the practitioner 

who performed the mammogram, regardless of year imaged. Figs. 1a and 1b demonstrate the mean 

compression force values, standard deviations and confidence intervals for each practitioner. 
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Figure 1a. Compression force variation (daN) on MLO mammography images per practitioner. 

Within a previous study9 these practitioners were placed into compression force groups because of 

their similar compression force means; this provided a way of classifying them. For the current study 

the same practitioner groupings/classifications were applied e the practitioners had similar 

compression force means as the previous study9 (rank sum correlation coefficient ¼ 0.9). The 

coefficient of 0.9 indicates that the practitioners performed very similarly in their compression force 

behaviours for both client datasets. In the current study 4 practitioners fell into the low compression 

force group, 7 into the intermediate group and 3 into the high group. Dispersal of practitioner grade 

and length of experience across the three compression groups appeared to demonstrate no 

particular trend for the purposes of this study. 

For the low compression force practitioner group: in the MLO projection, practitioners imaged with 

compression force mean values (regardless of BI-RADS density grade) between 7.17 and 7.4 daN and 

in the CC projection between 6 and 6.27 daN. 

For the intermediate compression force practitioner group: in the MLO projection, practitioners 

imaged with compression force mean values (regardless of BI-RADS density grade) between 8.6 and 

9.6 daN and in the CC projection between 7.95 and 8.71 daN. 

For the high compression force practitioner group: in the MLO projection, practitioners imaged with 

compression force mean values (regardless of BI-RADS density grade) between 12.6 and 14 daN and 

in the CC projection between 11.45 and 11.7 daN. 
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Figure 1b. Compression force variation (daN) on CC mammography images per practitioner. 

There is a highly significant difference in the mean compression force values between the 

practitioners in the low and the intermediate group, the low and the high group and the intermediate 

and the high group (p < 0.0001); this holds true within each BIRADS density classification 

 

Breast thickness values 

Mean thickness of breast tissue for each practitioner is presented, distributed by BI-RADS density 

grade, in Fig. 2. There is a highly significant difference between the breast thicknesses from the 

intermediate practitioner group and the high practitioner group (p < 0.0001). There is a significant 

difference between the breast thicknesses from the low practitioner group and the high practitioner 

group (p < 0.001). There is no statistical difference between the breast thicknesses from the low 

practitioner group and the intermediate practitioner group. 

Longitudinal assessment of compression force and thickness due to practitioner variation 

In order to assess if there was variation of compression force and breast thickness over the three 

screening rounds, specifically due to practitioner variation, we applied additional inclusion/exclusion 

criteria. From the remaining 344 clients we assessed which clients had been imaged either: 

sequentially by the same practitioner for each of the 3 screens, sequentially by practitioners from 

the same practitioner group for each of the 3 screens, or sequentially from the practitioners from 

different compression force groups for each of the 3 screens. From the remaining 344 clients, 134 

remained for further analysis for the exacting purposes of analysing longitudinal variation of 

compression force and thickness. 
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To achieve the assessment of compression force and thickness variations within these clients, we set 

a ‘reference value’ of zero to the client’s initial mammogram. Any increase or decrease from that 

value was represented by a plus (an increase in compression force or thickness) or a minus (a 

decrease in compression force or thickness). The term ‘maximum absolute compression force 

variation’ is the maximum compression force difference displayed between each screening 

mammogram for the three years for clients. Similarly the term ‘maximum absolute thickness 

variation’ is the maximum breast thickness difference displayed between each screening 

mammogram for the three years for clients; their first mammogram experience (incident round) 

being assigned as their reference value. 

Clients imaged sequentially by practitioners from the same practitioner compression force group 

From the 134 clients, 81 were imaged by a practitioner from the same compression force group on 

each attendance. Of these, 6 clients had a change in BI-RADS density over time and at this stage of 

the analysis they were removed to minimise any variation in compression force/thickness which may 

be caused by density change. 

Seven clients were imaged by practitioners in the low compression force group each time they 

attended their 3 screens. These clients experienced maximum absolute compression force variations 

between the sequential screens of -2 daN and +1 daN (MLO projections) and -2 daN and +1 daN (CC 

projections). There were no statistically significant differences in the compression force values of 

these clients over their three screening episodes. Maximum absolute breast thickness variations 

between the sequential screens of these clients were -18 mm and +9 mm (MLO projection) and -17 

mm and +6 mm (CC projection). Again there were no statistically significant differences in the breast 

thickness values of these clients over their three screening episodes. 

Sixty-eight clients were imaged by practitioners from the intermediate compression force group each 

time they attended. These clients experienced maximum absolute compression force variations 

between the sequential screens of -4 daN and +2 daN (MLO projection) and -3 daN and +2 daN (CC 

projection). There were no statistically significant differences in the compression force values of 

these clients over their three screening episodes. Maximum absolute breast thickness variations 

between the sequential screens of these clients were -22 mm and +10 mm (MLO projection) and -14 

mm +15 mm (CC projection). Again there were no statistically significant differences in the breast 

thickness values of these clients over their three screening episodes. 
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Over the three sequential screening rounds 14 clients were imaged by the same practitioner on each 

attendance. These clients experienced maximum absolute compression force variations between the 

3 screens of -2 daN and +2 daN (MLO projection) and -2 daN and +1 daN (CC projection). There were 

no statistically significant differences in the compression force values of these clients over their three 

screening episodes. Maximum absolute breast thickness variations between the 3 screens of these 

clients were +16 mm and -15 mm (MLO projection) and +17 mm and -6 mm (CC projection). Again, 

there were no statistically significant differences in the breast thickness values of these clients over 

their three screening episodes. 

In summary the clients who saw the same practitioner or practitioners from the same practitioner 

compression force group on their three sequential screening mammograms had no significant 

differences in their breast thickness or their breast compression force levels. 

Clients imaged sequentially by practitioners from different compression force groups 

Thirty-nine clients were imaged by a practitioner from each compression force group (low, 

intermediate and high) during their three screens in a variety of orders. As above their first screening 

attendance was assigned a ‘zero’ and changes calculated from this figure. 

These clients experienced maximum absolute compression force variations over the three sequential 

screens of -2 daN and +10 daN (MLO projection) and +3 daN and +14 daN (CC projection). For these 

39 clients, in order to represent this change in breast compression force longitudinally over the 3 

screens, the results have been displayed time independently and averaged for the two MLO and CC 

projections for each attendance (Fig. 3). T-tests indicate highly significant differences in compression 

force values (p < 0.0001) for CC and the MLO projections. This level of significance is the same for 

the low and high compression force groups, the intermediate and high compression force groups 

and the low and intermediate groups. 

For the 39 clients, in order to represent change in breast thickness longitudinally over three 

sequential screens, results have been displayed time independently and include both MLO and CC 

projections for each attendance (Fig. 4). Absolute thickness reductions between the low and 

intermediate group reduced by 1 mm (MLO projection) and 1.7 mm (CC projection). Absolute 

thickness reductions between the intermediate and high group reduced by 5.7 mm (MLO projection) 

and 6 mm (CC projection). Absolute thickness reductions between the low and high group reduced 

by 6.2 mm (MLO projection) and 7.7 mm (CC projection). T-tests indicate highly significant 

differences in breast thickness reductions (p < 0.0001) between the low and high compression force 
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groups and the intermediate and high compression force groups for both projections. The 

differences between low and intermediate groups did not achieve the same level of significance; for 

the MLO projections there was no significant difference, for the CC projections it was significant (p < 

0.05). 

MGD for the 39 clients was calculated retrospectively. These are illustrated in Fig. 5. Maximum dose 

differences were 2.64 mGy (MLO) and 1.12 mGy (CC) when clients were imaged by a practitioner 

from a low practitioner group and then a high practitioner group. Some clients experienced 

differences in dose of 1.57 mGy (MLO) and 1 mGy (CC) when they were imaged by a practitioner 

from a low compression force group followed by a practitioner from an intermediate compression 

force group. 

 

 

Figure 2. Mean breast thickness (mm) and SD within BI-RADS grades and practitioner group. 

 

 

Figure 3. Breast compression force changes (daN) for clients imaged by different practitioner compression group - time independent. 
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Overall percentage dose differences demonstrated a mean difference of 10.2% (MLO) and 6.9% (CC) 

when clients were imaged by practitioners from a low practitioner group followed by practitioners 

from a high compression force group. These dose differences would likely represent a clinically 

important difference and are due to the differences in breast thickness levels on mammogram 

acquisition (Fig. 5).T-tests highlight significant dose differences between the low and high 

compression force groups in both projections (p < 0.01). Differences from low to intermediate groups 

are not significant for the MLO though significant for the CC view (p < 0.05). For the intermediate to 

high group for both projections there were no significant differences. 

 

 

Figure 4. Breast thickness changes (mm) for clients imaged by different practitioner compression group - time independent. 

 

Figure 5. Breast dose changes (mGy) for clients imaged by different practitioner compression group - time independent. 

In summary, clients who saw practitioners from a different compression force group on each 

attendance had significant differences in their compression force levels and some of their thickness 
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levels. Depending upon which practitioner compression force group is considered significant 

differences in dose have also been demonstrated. 

Discussion 

Implications for practice 

Our study establishes that the amount of breast compression force seems highly dependent upon 

practitioner rather than client. This has implications for radiation dose and image quality consistency 

for sequential screening within the National Health Service Breast Screening Programme together 

within the symptomatic setting. 

We have highlighted four areas for consideration. Firstly, the practitioners fall into the same 

compression force groups as with Mercers’ previous study.9 Secondly, from a client perspective, the 

compression force that is applied to client breasts during each mammogram can vary over time and 

this is dependent upon the practitioner who images them. Thirdly, for the clients who were imaged 

with a practitioner from a different group on each attendance, breast compression force values are 

significantly different. Breast thickness reduction was also significantly different apart from between 

the low and intermediate compression force groups on the MLO view. This suggests that there is 

significance to the application of higher compression force in the reduction of breast thickness. 

Finally, it has been highlighted that for certain cases, the larger thickness reductions have resulted 

in lower mean glandular doses (MGDs). Though T-tests show that some of these were not statistically 

significant in some cases, there has to be consideration of the clinical importance of this e doses 

should be kept as low as practical. 

It appears that each practitioner is consistent over time in the amount of compression force that 

they apply. We have also indicated that there is a close correlation between mean compression force 

values from this study and Mercer’s cross sectional study.9 This suggests that individual practitioners 

are applying compression force consistently over time, and also within different client groups. This 

could mean that practitioners are applying their own tolerance levels to compression force 

application. We have also demonstrated that changes in BI-RADS density grades made little 

difference to the practitioner’s behaviour in their application of compression force. This again could 

suggest that practitioners are applying compression force to the breast using their own tolerance 

levels regardless of breast type. 

The relevance to clients being imaged by practitioners applying different levels of compression force 

may give rise to different levels of pain and discomfort experienced whilst having mammography 
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and this may have consequences for future attendance. Studies14e18 have suggested varying 

thresholds of compression force for pain tolerances varying from 9 daN to 16 daN. As such, 

consistency of optimal compression force applied over time could be paramount in the maintenance 

of client experience. The same argument would hold true for the consistency of image quality over 

time. 

Our data has demonstrated statistically significant variations in breast compression force and breast 

thickness levels when clients are imaged by different practitioners over their 3 screening rounds. Our 

study has also demonstrated that clients imaged by the same practitioner on each screen have less 

breast compression force and breast thickness variation. It is likely that these clients have had more 

a consistent experience. 

For the third and final issues, breasts might be imaged with breast thickness reduction (rather than 

compression force) in mind in order to reduce radiation burden.1,4 This will likely achieve better 

consistency of breast dose and image quality19 for clients imaged serially within the NHSBSP. 

Limitations 

Our study has several limitations. Firstly, this study was at a single site with a relatively small group 

of mammographers. The study has now been extended to a multicentre study in order to assess if 

the results will be similar at other screening centres. Secondly, as these were retrospective important 

factors such as point in menstrual cycle, breast pain upon compression force and weight changes, 

for example, could have effect on the results of this study. 

Conclusion 

We have established that compression force and breast thicknesses can fluctuate for the same client 

when they are imaged by different practitioners. Implications from this can result in variations in 

mean breast glandular dose between 3 yearly screening events. The possibility exists for variations 

to occur in image quality and lesion visibility. Given that compression force differences can occur 

over time it is possible that client experience may vary too with possible implications to clients 

screening attendance within the future. 
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Abstract 

Background: The application of compression force in mammography is more heavily influenced by 

the practitioner rather than the client. This can affect client experience, radiation dose and image 

quality. This research investigates practitioner compression force variation over a six year screening 

cycle in three different screening units. 

Methods: Data were collected from three consecutive screening events in three breast screening 

sites. Recorded data included: practitioner code, applied compression force (N), breast thickness 

(mm), BIRADS® density category. Exclusion criteria included: previous breast surgery, 

previous/ongoing assessment and breast implants. 975 clients (2925 client visits, 11,700 

mammogram images) met inclusion criteria across three sites. Data analysis assessed practitioner 

and site variation of compression force and breast thickness. 

Results: Practitioners across three breast screening sites behave differently in the application of 

compression force. Two of the three sites demonstrate variability within themselves though they 

demonstrated no significant difference in mean, first and third quartile compression force and breast 

thickness values CC (p > 0.5), MLO (p > 0.1) between themselves. However, in the third site, where 

mandate dictates a minimum compression force is applied, greater consistency was demonstrated 

between practitioners and clients; a significant difference in mean, first and third quartile 

compression force and breast thickness values (p < 0.001) was demonstrated between this site and 

the other two sites.  

Conclusion: Variability within these two sites and between the three sites could result in variations. 

Stabilisation of these variations may have a positive impact on image quality, radiation dose 

reduction, re-attendance levels and potentially cancer detection. The large variation in compression 

forces could negatively impact on client experience between the units and within a unit. 
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Further research is required to establish best practice guidelines for compression force within 

mammography. 

Advances in knowledge: Practitioners vary in the compression forces they apply to clients over 

sequential screening attendances. Establishing practice guidance with cessation guidelines could 

help to minimise this problem. 

 

Introduction 

It is acknowledged that one of the most important factors in determining the success of a screening 

programme is screening uptake.1,2 The causes of any non-uptake are multifactorial.  

A systematic review in 2013 measured the extent of non-uptake. This review indicated clients not 

re-attending for screening because of breast pain from prior mammography was a significant issue.3 

Whelehan and colleagues suggested that between 47,000 and 77,000 women within England do not 

re-attend for breast screening in a year due to pain directly related to a previous mammogram.3 

Pain from mammography can arise from the application of compression force.3 It has also been 

identified that the position of the breast under the mammography compression paddle can directly 

affect the amount of pressure in different portions of the breast4 with potential for direct association 

with increased breast pain. 

Quality assurance standards within the National Health Service Breast Screening Programme 

(NHSBSP) are essential to ensure its continued effectiveness. The 20125 annual review of breast 

screening highlighted that ‘ultimately decisions based around screening programmes must be 

evidence based’ and that it should be ‘a first class system ensuring excellent training for all 

professional staff’. It seems extraordinary that such a service has no standards or guidelines on the 

application of compression force other than a statement ‘the force of the compression on the X-ray 

machine should not exceed 200 Newtons (N)6 with various proposed descriptors such as ‘taut to 

touch’ or ‘until the skin blanches’.7-11 

This research investigates practitioner compression force variation over a six year screening cycle in 

three different screening units. It builds on earlier research, which was single centre. Previous 

research12,13 identified practitioner variability in compression force application during 

mammography imaging within a single NHSBSP screening programme. The current research includes 

two additional regional breast screening services located in the North of England (UK). 
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Materials/method 

Hospital (service evaluation) and University ethics committees approved access to a sample of 1500 

screening events at each screening unit (a screening event is defined as one mammogram series 

which includes four images). In order to exclude mammography machine variability14 as a 

confounding factor in terms of data quality, data was gathered from one mammogram machine at 

each location (GE Seno Essential, Lorad Mk4 and Siemens Mammomat 3000). The three analogue 

mammogram machines were operated within NHSBSP and manufacturer specifications15,16 during 

the study period. The study period was for a consecutive six year period; only analogue images were 

included as NHSBSP screening sites had not been converted to digital technology for a six year period 

at the time of the study. Design characteristics of compression paddles tend to be similar between 

analogue and digital units, though it should be noted that recently paddles on the latter have started 

to introduce changes to their design. 

Client sample 

Data were gathered retrospectively at all three sites from clients who attended three consecutive 

screening events. Only three screening events could be included as the required data for this study 

was unavailable prior to 2004 at certain screening sites. 

Identification of clients was through consecutive stratified sampling. For inclusion each client had to 

have three consecutive screening events, with their first recorded mammogram experience as their 

first event. Each would have four standard projections acquired (left/right CC (cranial-caudal) and 

left/right MLO (medio-lateral oblique). For each client the following information was recorded 

directly from the mammography image - size of film, breast compression force value in deca-

Newtons (daN) or Newtons (N), compressed breast thickness (mm) and the practitioner who 

performed the mammogram, coded for anonymity. 

Breast density was established by 5 observers in the three screening units using the 4 point BI-RADS® 

scale (Breast Imaging Reporting and Data System)17 - BI-RADS® 1 < 25% dense, BI-RADS® 2: 25%-50% 

dense, BI-RADS® 3: 51%-75% dense, and BI-RADS® 4 > 75% dense. In order to establish inter and intra 

observer characteristics of the 5 observers for BI-RADS scoring, fifty film-screen mammograms were 

used.18 These images comprised of left and right CC and MLO and were scored by each observer 

independently under the same viewing conditions; blinded to the findings of other observers. To 

provide data to assess intra-observer variability, mammography image sets were re-scored after an 

interval of at least two weeks, to minimise recall bias. Near complete intraobserver agreement 
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(Kappa >0.81) and strong or above interobserver variability was demonstrated (First score Fleiss 

kappa 0.77 second score 0.65).18 

Exclusion criteria 

Exclusion criteria were established (Fig.1). Clients with less than or more than four standard 

projections were also excluded. Following application of exclusion criteria the number of clients 

remaining for analysis at each unit were: site 1  =344,13 site 2  = 325, site 3  = 306. 

Practitioners 

Practitioners at all sites consisted of staff working in the breast imaging department at the time of 

the study. The staff included a mixture of Advanced Practitioners, Mammographers and Assistant 

Practitioners, all are referred to as practitioners for the purposes of this study. Clients were imaged 

by similar numbers of trained practitioners at the three sites; 14 at site one, 11 at site two and 15 at 

site three. 

 

Figure 1. Exclusion criteria 

Recorded data 

Compression force and compressed breast thickness, together with practitioner details of those who 

performed the imaging were noted for all images. 

Results 

Practitioners 

Firstly, analysis of practitioner grade between sites was compared (Table 1). The range of the number 

of clients the practitioners imaged at each site was: site one (10e146); site two (10e155); site three 

(12e139). The mean number of clients imaged by all practitioners at each site was, site one: (73.7), 
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site two: (88.6), site three (61.2). The median number of clients imaged at each site was, site one: 

(73.5), site two: (100), site three:(75). 

BI-RADS breast density classification 

The distribution of BI-RADS density within each site was assessed for similarity between sites by 

documenting the number of mammograms imaged per site in a percentage for each BI-RADS breast 

density category (Table 2). For the purposes of statistical analysis, combination of BI-RADS® 1 and 2 

(Group A) and also BIRADS® 3 and 4 (Group B) was required due to the low numbers of images in BI-

RADS® group 1 with BI-RADS® group 4, having zero figures for some practitioners. Pearson Chi Squared 

test was used for the comparison of BI-RADS® Group A and Group B amongst sites. Pearson's X2 156 

(Group A) and 107 (Group B), (p < 0.0001) suggests there is a significant difference in the distribution 

of BIRADS® grades between different sites. The authors would like to acknowledge the updated 

release of the BI-RADS scale in 2013 with a change in scale for BI-RADS breast density from 1e4 to A-

D; this study was completed prior to that grading release and as such is not recognised within this 

paper. 

Whilst it is recognised that this could be considered as a study limitation, it has been established 

previously12 that practitioners display the same compression behaviours across BI-RADS density 

classifications and do not necessarily vary their application of compression force according to breast 

density. 

Practitioner variability 

To establish practitioner variability, the mean compression values for all practitioners, at all sites, 

were analysed (Figs. 2 and 3). Compression force values varied across the three sites, with CC average 

at site one 86N, site two 84N, site three 125N. For the MLO, site one 97N, site two 88N, site three 

132N. Analysis of variance (ANOVA) of mean compression force values of practitioners demonstrated 

a significant difference (p < 0.0001) between sites ‘one and three’, and ‘two and three’. Sites ‘one 

and two’ demonstrated no significant difference (CC p > 0.5, MLO p > 0.1). These levels of significance 

hold true within each BI-RADS density classification. 

Site Assistant 
practitioners 

Practitioners 
(radiographers) 

Advanced 
practitioners 

Total 
practitioners 

Site 
one 

2 10 2 14 

Site 
two 

0 9 2 11 
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Site 
three 

2 8 5 15 

Table 1 Practitioner grade per site. 

 

 

Table 2 Percentage of mammograms within each BI-RADS breast density category. 

 

First and third quartile results at all sites were analysed (Table 3). In CC and MLO, ANOVA of first and 

third quartile compression force levels of practitioners demonstrated a significant difference (p < 

0.0001) between sites ‘one and three’ and sites ‘two and three’. Sites ‘one and two’ demonstrated 

no significant difference (first quartile p > 0.1, third quartile p > 0.5). This holds true within each BI-

RADS grade. Having removed the outliers (see Figs. 2 and 3), minimum and maximum compression 

force values for CC views ranged as follows: Site one 47N-122N (75N), site two 42Ne-114N (72N), 

site three 103N-158N (55N). For MLO: site one 65N-136N (71N), site two 48N-139N (91N), site three 

103N-163N (60N). 

Percentage changes in breast compression force 

Analysing the mean percentage change between minimum and maximum compression force values 

per client, from their three screening mammograms, establishes one aspect of variability from a 

client perspective. 

The mean percentage change between minimum and maximum compression force was calculated 

for each BI-RADS grade for both CC and MLO (Fig. 4). Average values of mean percentage change for 

each site for the MLO: site one 55%, site two 66%, site three 27% and the CC: site one 57%, site two 

60% and site three 26%. 

ANOVA was performed on percentage changes. For MLO, sites ‘one and three’ and ‘two and three’ 

demonstrated a significant difference (p < 0.0001) and this holds true within each BI-RADS grade. 

Sites one and two demonstrated no significant difference (p > 0.2), this holds true for each BI-RADS 

grade. No significant difference was demonstrated between sites ‘one and two’ (p > 0.5). It can be 

concluded that site three displays low client variability over the three screens. 
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Breast thickness 

Compressed breast thickness ranges at all sites were compared by mean, first and third quartile 

values for CC and MLO. 

Mean compressed breast thickness values at all sites were analysed (Table 4). Over the three screens, 

in both the CC and MLO, ANOVA of mean compressed breast thickness values of practitioners 

demonstrated a significant difference (p < 0.0001) between ‘site one and three’ and site ‘two and 

three’. Site one and two demonstrated no significant difference in mean CC values of thickness (p > 

0.5). This holds true within each BI-RADS grade. Practitioners at site three applied higher 

compression values and this would explain why the breast thicknesses at this site are smallest. 

First and third quartile compressed breast thickness values at all sites were analysed (Table 5). For 

both the CC and MLO, ANOVA demonstrated significant differences (p < 0.0001) in first and third 

quartile breast compressed thickness values between sites ‘one and three’ and sites ‘two and three’. 

Site ‘one and two’ demonstrated no significant difference in values of thickness (p > 0.5). This holds 

true within each BI-RADS grade. 

 

Figure 2. Mean compression force values CC view. 
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Figure 3. Mean compression force values MLO view. 

 

 

 

Discussion 

Compression force variability 

This research has demonstrated that the amount of breast compression force applied by 

practitioners is not consistent within and between three NHSBSP screening sites. 

For site one, within each of the three subgroups variability is low’.13,14 At site two practitioners 

apply compression force across a wide range of values and they do not fall into subgroups. Overall, 

practitioners from site one and site two apply compression forces within the same mean values, first 

and third quartiles and there is no statistical difference between them. Sites one and two permitted 

their practitioners to define their own compression force values, within NHSBSP maximum tolerance 

levels. Whilst there is no statistical difference between sites one and two, a client attending either 

or both of these sites would potentially be subject to large variations in compression force on 

subsequent visits. However, on average, for sites one and two, a client would have a lower level of 

compression force applied compared with site three. However for site three a client would likely 

have a higher though more consistent level of compression forced applied over time. 

Site three had a protocol in place which mandates that a minimum level of 100N compression force 

is used. Some sites within NHSBSP have protocols similar to this. Therefore, the lack of a consistent 

approach within NHSBSP exposes clients to variation in compression force if they moved between 

sites. It might be worthwhile speculating that higher compression force values could be associated 
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with reduced client experience and pain and reduced re-attendance. Equally variability could also 

cause this problem too - perhaps even at lower levels of compression force.  

It is also worth noting that no data exists to illustrate that image quality is better when compression 

forces of 100N or higher are used, as in site three; rather anecdote dictates that higher compression 

forces are likely to result in better image quality. A pilot study19 identified no differences in image 

quality with higher compression forces, however the image quality scoring mechanism may not be 

sensitive enough to identify subtle changes in image quality. 

A noted limitation of this study is that the three sites studied are located in the same geographical 

region and therefore practitioners could have been trained similarly, thereby reflecting a local 

variability problem. However, in 2013 Murphy and colleagues,20 from a UK-wide analysis of 

compression force behaviours, identifiethat practitioners vary in their approach to the application of 

compression force. This current study is therefore likely to reflect behaviour nationally. 

   FIRST QUARTILE THIRD QUARTILE 

SITE 

MLO 
compression 
(N) S.D 

CC compression 
(N) S.D 

MLO 
compression 
(N) S.D 

CC 
compression 
(N) S.D 

SITE ONE 84.85 21.63 75.5 17.07 106.1 26.07 92.7 22.87 
SITE TWO 73.13 11.73 71.27 11.57 104.3 15.5 95.87 12.42 
SITE 
THREE 118.21 12.75 111.99 10.09 144.34 14.65 135.41 15.25 

Table 3 First and third quartile compression forces all sites 

 

.  

Figure 4. Overall mean percentage change in minimum and maximum compression force values over three screens. 

Breast thickness variability 



75 
 

The inconsistency in compression force application across the three sites has a direct association 

with an inconsistency of compressed breast thickness values. Site one and two have similar means, 

first and third quartile compressed thickness values with no statistical difference (p > 0.5). Site three 

has significant differences in compressed breast thickness levels to the other two sites (p < 0.001); 

this has obvious direct implications for radiation dose and may have an impact on image quality e 

especially when sequential imaging comparison is considered. On this basis site three might be 

considered superior for consistency and dose minimisation. 

 

Site MLO 
thickness 
(mm) 

S.D CC thickness 
(mm) 

S.D 

Site one 53.8 13.7 50.9 11.3 

Site two 57.9 12.2 56.8 10.9 

Site 
three 

47.1 12.7 43.5 10.5 

Table 4 Mean breast thickness value (mm): comparison all sites. 

National standards 

From this and prior research13,14 there is a need for the NHSBSP to consider the introduction of 

national guidance on compression force levels. Hogg and colleagues21 in 2013 highlighted minimum 

and cessation compression force levels for one mammography machine. They suggested that 

cessation should be considered based upon rate of change of compression force and thickness 

reduction, rather than by compression force alone. 

Taking a different perspective, a recent study by de Groot and colleagues22 questioned if 

standardisation by compression force was meaningful and they suggested a focus towards pressure. 

They explained that clients with small breasts would experience more pressure than clients with 

large breasts with the same applied compression force. They suggested standardisation based upon 

pressure and this shows promise. 

Possible impact on client experience 

The findings of this research have possible implications for clients. These will be discussed in turn. 

Radiation risk 

With respect to radiation risk there remain uncertainties about absolute cancer risk from low dose 

mammography screening. A recent report states that the risk of radiation induced cancer is 

approximately 1 in 20,000 per screening visit.23 This equates to 154 cancers detected for every one 
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induced and 80 lives saved for every life lost to radiation induced cancers.23 Benefit thus exceeds 

risk. This research demonstrated that site three had lower breast thickness levels than the other two 

sites overall within the six year screening cycle (p < 0.001). Reducing breast thickness has potentially 

quantifiable reductions in radiation risks to clients within the screening programme. 

 First Quartile Third Quartile 

Site  MLO 
Thickness 
(mm) 

S.D. CC 
Thickness 
(mm) 

S.D. MLO 
Thickness 
(mm) 

S.D. CC 
Thicknes
s (mm) 

S.D. 

Site one 44.55 3.43 43.56 2.86 63.6 3.80 59.73 2.54 

Site two 49.78 2.94 50.46 3.02 65.36 3.08 62.61 2.58 

Site three 38.23 3.70 36.32 2.66 56.52 2.85 50.74 2.91 

Table 5 First and third quartile compressed breast thickness value (mm): comparison all sites. 

Image comparison 

Direct comparison between images on successive screens is vital to ensure accurate visualisation of 

subtle changes within the breast. Direct comparison is not only essential within the same screening 

site but across the whole NHSBSP as clients can attend different sites. Our research has 

demonstrated compression force and breast thickness differences exist between and within sites, 

and the latter could influence image quality. If differences in quality exist for the same client then 

this could confound comparison of images on successive screens. 

Re-attendance 

Pain and non-re-attendance are related. Having a standardised approach to compression force levels 

within a specified range might improve client experience by offering them a consistent expectation 

and experience. Further research is needed into client pain and levels of applied compression force. 

Conclusion 

Our research demonstrates that practitioners across three breast screening sites behave differently 

in the application of compression force when undertaking mammography. Two of the three sites 

demonstrate variability. Variability within these two sites and between the three sites could result 

in variations in image quality, radiation dose together with client experience which in turn could 

influence re-attendance. When mandate dictates a minimum compression force standard this results 

in greater consistency between practitioners and clients. This may have a positive impact on image 

quality, radiation dose reduction and potentially cancer detection. 
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Purpose: Compression is necessary in mammography to improve image quality and reduce radiation 

burden. Maximizing the amount of breast in contact with the image receptor (IR) is important. To 

achieve this, for the craniocaudal projection, there is no consensus within the literature regarding 

how the IR should be positioned relative to the inframammary fold (IMF). No information exists 

within the literature to describe how pressure balancing between IR and paddle, and IR breast 

footprint, might be optimized. This paper describes a novel method for measuring the respective 

pressures applied to the breast from the IR and the paddle and a method to simultaneously measure 

the breast footprints on the IR and the paddle. 

Methods: Using a deformable breast phantom and electronic pressure-sensitive mat, area and 

pressure readings were gathered from two mammography machines and four paddles at 60, 80, and 

100 N with the IR positioned at −2, −1, 0, +1, and +2 cm relative to the IMF (60 combinations in total).  

Results: Paddle and IR footprints were calculated along with a uniformity index (UI). For all four 

paddle/machine/pressure combinations the greatest IR footprint was achieved at IMF +2 cm. The UI 

indicates that the best pressure/footprint balance is achieved at IMF +1 cm. 

Conclusions: The authors’ method appears to be suited to measuring breast footprints and pressures 

on IR and paddle and a human female study is planned.  

  

http://dx.doi.org/10.1118/1.4792720
http://dx.doi.org/10.1118/1.4792720
http://dx.doi.org/10.1118/1.4792720
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I. INTRODUCTION 

Compression of the breast during mammography is necessary in order to obtain acceptable image 

quality.1–3 The resulting reduction in breast thickness improves image contrast, reduces the overlap 

of normal breast structures, and improves image sharpness by reducing the tissue to image receptor 

(IR) distance. It has the added benefit of reducing the radiation dose to the breast.4 While the 

technique for the application of compression has been well described in the literature,3,5,6 little has 

been written about how to maximize the volume of breast tissue imaged (i.e., the footprint of the 

breast upon the detector) or how to optimize the relative pressures exerted on the breast from the 

compression paddle and IR. For the craniocaudal projection there is no consensus within the 

literature regarding how the IR should be positioned relative to the inframammary fold (IMF) and 

the effect this may have on image quality and breast footprint.3,7 Furthermore, it would seem 

reasonable for the contributions to breast compression from the paddle and from the IR to be evenly 

balanced so as to minimize client discomfort. No information exists within the literature to describe 

how pressure balancing and IR breast footprint might be optimized. 

In this paper we describe a novel method for measuring the respective pressures applied to the 

breast from the IR and the paddle and a method to simultaneously measure the breast footprints on 

the IR and the paddle. Using our methods this paper describes a preliminary phantom study to 

investigate the effect of changing the positions of the IR relative to the IMF on the balance of 

compression pressure and on breast footprint. Our methodology is not intended to be used during 

mammographic acquisitions as the pressure sensing device will produce unacceptable image 

artefacts. 

II. METHOD 

No method is known to have been published previously to describe how to measure the pressures 

exerted from the paddle and IR on the breast or the footprint that the breast defines onto the paddle 

and IR. Knowing that practical and ethical problems would arise in using humans to develop a 

method, we choose to use a physical representation of the human female breast. 

II.A. Deformable breast phantom 

To validate our method a deformable breast phantom was created and mounted in a semiflexible 

fashion to a rigid structure which simulated the human thorax. The phantom was the same as that 

used by Hauge.8 The phantom had compression characteristics similar to a human female breast, 
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with a correlation coefficient of 0.95 (compared with human female breast compression data 

gathered from the same mammography machine and same paddle). 

II.B. Pressure and footprint measuring system 

An electronic pressure-sensitive mat [Xsensor (Ref. 9)] developed for measuring pressure 

distribution on patients for bed sore prediction10 and for tyre-road contact analysis in the motor 

vehicle industry was used. Xsensor offers a range of pressure monitoring products with suitable 

temporal and spatial resolution characteristics. The pressure mat used is designed for measuring 

patients in seated/lying positions. The pressure values applied to the breast during compression are 

greater than the pressures exerted in seated/lying positions; therefore, the compression values used 

were restricted to the lower range that might be applied clinically. 

The flexible design of the Xsensor pressure recording mat, together with the associated acquisition 

module and PC software, provides an easy to use pressure recording system. The pressure mat 

consists of an array of pressure sensors embedded within a flexible material. The array comprises 

1296 sensing points with an overall mat size of 63.5 × 63.5 cm2 and an active sensing area of 45.72 × 

45.72 cm2, with spatial resolution of 1.27 cm. Manufacturer’s specifications state an accuracy of 

±10%.9 Prior to conducting the study, the XSensor was calibrated in accordance with the 

manufacturer’s instructions to provide values in mmHg and to ensure all pixels were functioning. 

Data from the pressure mat could be represented as a 2D or 3D image on a color scale and as numeric 

(pressure) data exported to a spreadsheet. 

II.C. Pressure readings, footprint, and IR position 

The Xsensor pressure mat was wrapped around the phantom so that pressure readings at the 

phantom-IR and phantompaddle interfaces could be taken simultaneously. The pressure readings 

were taken with the phantom compressed in two different mammography machines—a Hologic 

Selenia and a Hologic Selenia Dimensions. Each had two flexible paddles— an 18 × 24 cm2 paddle and 

a 24 × 29 cm2 paddle, plus a 24 × 292 cm nonflexible paddle which was common to both machines. 

Three compression forces were applied (as measured by the calibrated readout on each machine)-–

60, 80, and 100 N. The values of 60, 80, and 100 N were chosen as compression values as values 

greater than 100 N resulted in most of the pixel values being greater than the detectable range (>256 

mmHg), rendering analysis unfeasible. Less than 60 N is an unrealistic compression value clinically, 

and so was not considered within this project. Through clinical experience, 100 N is representative 

of a mid-range compression value. Five vertical IR positions were used: −2, −1, 0, +1, and +2 cm, 
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measured relative to the IMF. In total, pressure data were recorded at 60 IMF position and pressure 

value combinations. A maximum pressure of 100 N was used because this represented the maximum 

limit for the XSensor in our experiment. 

Pressure readings were acquired at a framing rate of 1/s; the frames were later averaged. 

After the application of pressure had ceased, a few minutes were allowed for the paddle and the 

phantom to stabilize. This stabilization period was necessary as it was noted that the mammography 

compression values displayed on the mammography machines dropped for several seconds after 

compression was initially applied. 

II.D. Data cleaning and data analysis 

Prior to analysis the spreadsheet data were cleaned. This involved deleting artifactual datapoints 

which were created by pressure which was not attributable to the phantom. An example of an 

artifactual datapoint generated by a minor crease in the pressure mat is shown in Fig. 1. 

Consideration was also made for pressure values greater than the detectable range (>256 mmHg). 

Table I demonstrates the number of pixels >256 mmHg in terms of percentage of all pixels within the 

pressure mat (total area) and the percentage of pixels that received a reading (active area). 

These values did not affect the area of pressure measured. However, these values need to be taken 

into account when considering the maximum pressure applied. 

Each datapoint represented a sensor reading on the pressure mat, and each sensor had an area of 

1.6129 cm2 (the pixel area as stated by the manufacturer9). Therefore, the area of phantom that was 

compressed by the IR and the area of phantom that was compressed by the paddle (the “footprints”; 

area in cm2) could be calculated by simply multiplying the number of pixels that had a reading >0 by 

1.6129 cm2. 

For each of the IR positions, paddle and detector footprints (cm2) and pressures (mmHg) were 

recorded. From this average pressure applied by the IR, average pressure applied by the paddle (in 

mmHg), average pressure per unit area applied by the IR, and average pressure per unit area applied 

by the paddle (mmHg/cm2) were calculated. 

A uniformity index (U.I.) was derived; this considered the distribution of average pressure per unit 

area applied by the IR and by the paddle. The equation used was as follows: 

Uniformity Index = (A − B)/(A + B), 
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where A is the average pressure per unit area applied by the paddle (mmHg/cm2) and B is the average 

pressure per unit area applied by the IR (mmHg/cm2). 

The U.I. value has the following implications. If U.I. = 0, there is equal pressure per unit area from 

the IR and the paddle (equal distribution). 

TABLE I. Percentage of pixels greater than detectable range. 

Compression (N) 

Percentage of total area Percentage of active area 

Average SD
 Maximum 

Average SD
 Maximum 

60 0.03 0.07 0.23 0.42 0.96 3.26 

80 0.23 0.20 0.62 3.12 2.78
 10.13 

100 0.47 0.27 0.93 5.70 3.57
 13.79 

 

If 0 < U.I. < 1, there is greater pressure per unit area from the paddle on the top of the phantom, 

with 1 = all pressure per unit area is applied by the paddle. 

If –1 < U.I. < 0, there is greater pressure per unit are1from the IR on the underside of the phantom, 

with −1 = all pressure per unit area is applied by the IR. 

III. RESULTS 

                                                      
1 Note: That is, B + 2, 18 × 24 cm2 nonflexible = image receptor placed 2 cm above the inframammary fold using the 

Hologic Selenia Dimensions, 18 × 24 cm2 nonflexible paddle. 

 
 

 

 
FIG. 1. Xsensor pressure map data using a flexible paddle at 80 N with receptor 2 cm pushed up. This demonstrates artifactual datapoints generated by a 
minor crease in the pressure mat 
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Data recorded by the XSensor were displayed visually using a color or grey scale (Fig. 1) and as a 

numerical array. After removing artifacts the numerical arrays were analyzed within a spreadsheet. 

Figure 2 (18 × 24 cm2 flexible paddle) demonstrates the area of the phantom in contact with the 

paddle and the IR. As can be seen, the area of phantom in contact with the IR is lowest at IMF −2 cm 

and highest at IMF +2 cm. The area of phantom in contact with the paddle increases gradually from 

the −2 cm position to the +2 cm position. This trend is preserved for the four paddle types on the 

two machines for all three applied compression levels. Table II demonstrates the key to Figs. 2 and 

3, in terms of machine, IR position in relation to the IMF, and the paddle size and type. 

Figure 3 (18 × 24 cm2 flexible paddle) demonstrates the pressure exerted onto the phantom from the 

paddle and from the IR. As can be seen, the pressure exerted from the paddle onto the phantom is 

highest at IMF −2 cm and lowest at IMF +2 cm. Similarly, the pressure exerted onto the phantom 

from the IR is lowest at IMF −2 cm and highest at IMF +2 cm. This trend is preserved for the four 

paddle types on the two machines for all three applied compression levels. 

Table III illustrates the combined uniformity index for the four paddles on the two machines for all 

three compression levels. An assumption is made that a uniformity index of zero is desirable, 

indicating an equal balance of pressure and area between the top and bottom of the phantom. The 

absolute values of these have been used to calculate the average, standard deviation, maximum, 

and minimum values of each position, irrespective of unit type, paddle size/type, and pressure 

applied. Absolute values were used so that the negative values do not skew the data. 

Figure 4 demonstrates graphically the absolute uniformity index for each IR position. The uniformity 

index is closest to zero for positions above the IMF, these positions also have smaller SD values, 

demonstrating greater consistency in the technique. Figure 4 also demonstrates that there is not 

only a poorer distribution of pressure but also greater variability of the uniformity index when the IR 

is positioned below the IMF. 

TABLE II. Key to Figs. 2 and 3. 

Machine type 
 

A = Hologic Selenia 

B = Hologic Selenia Dimensions 

IR Position 
 

−2 = 2 cm below IMF 

−1 = 1 cm below IMF 

0 = on IMF 

+1 = 1 cm above IMF 

+2 = 2 cm above IMF 
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Paddle size and flexible/nonflexible as stated. 

 

FIG. 2. Area of the phantom in contact with the paddle and the IR. 

 

 

TABLE III. Uniformity index. 

Unita, paddle positionb, paddle size, paddle type 60 N 80 N 100 N 
Avec SDc Maxc Minc 

A + 2, 18 × 24, Flexible −0.17 −0.20 −0.17 0.12 0.06 0.20 0.03 

A + 2, 24 × 30, Flexible 0.09 0.11 0.06     

B + 2 24 × 30, Flexible 0.08 0.11 0.08     

B + 2, 24 × 30, Nonflexible −0.20 −0.10 −0.03     

A + 1, 18 × 24, Flexible 0.01 0.03 0.04 0.03 0.02 0.06 0.01 

A + 1, 24 × 30, Flexible −0.01 0.06 0.06     

B + 1, 24 × 30, Flexible 0.03 0.01 0.04     

B + 1, 24 × 30, Nonflexible −0.02 0.01 0.02     

A0, 18 × 24, Flexible 0.32 0.33 0.33 0.19 0.10 0.33 0.08 

A0, 24 × 30, Flexible 0.22 0.25 0.23     

B0, 24 × 30, Flexible −0.10 0.09 0.08     

B0, 24 × 30, Nonflexible 0.08 0.09 0.19     

A − 1, 18 × 24, Flexible 0.38 0.38 0.35 0.37 0.11 0.50 0.18 

A − 1, 24 × 30, Flexible 0.46 0.45 0.39     

B − 1, 24 × 30, Flexible 0.50 0.45 0.44     

B − 1, 24 × 30, Nonflexible 0.21 0.21 0.18     

A − 2, 18 × 24, Flexible 0.57 0.53 0.47 0.52 0.13 0.90 0.39 

A − 2, 24 × 30, Flexible 0.58 0.51 0.40     

B − 2, 24 × 30, Flexible 0.90 0.53 0.39     

B − 2, 24 × 30, Nonflexible 0.49 0.45 0.44     

aA—Hologic Selenia, B—Hologic Selenia Dimensions. 
b+2—image receptor 2 cm above IMF, +1-–image receptor 1 cm above IMF, 0-–image receptor on IMF, −1-–image receptor 1 cm below IMF, −2-–image 
receptor 2 cm below IMF. cAverage, standard deviation, maximum, and minimum values based on absolute values of uniformity index. 
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IV. DISCUSSION 

Overall the method was easy to conduct, though the Xsensor pressure mat had to be wrapped 

carefully around the phantom to avoid creases and therefore artifacts. Data generated by the 

Xsensor were suited to the calculation of footprints and pressure, however, the resolution was 

coarse (sensor represented = 1.6129 cm2). A pressure recording system with a finer resolution would 

be expected to give more accurate footprints. The main limitation of this study was that the phantom 

is unlikely to behave similar to the live human female breast. A further limitation is that pressures 

above 100 N (which are not infrequently used in clinical practice) could not be applied due to the 

limitations of the pressure mat. On this basis we have been granted ethical permission to conduct a 

prospective human female study. 

 

FIG. 3. Pressure exerted onto the phantom from the paddle and from the IR. 

 

FIG. 4. Absolute uniformity index for each IR position. 
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Mammography literature suggests that the IR could be positioned at the level of the IMF or raised 

slightly from it, but no data have been published to demonstrate the effect of this on breast footprint 

or the balance of pressure exerted on the breast from IR and paddle. For our breast phantom the 

data demonstrate clearly that as the IR is elevated in relation to the IMF, then the breast footprint 

on the IR increases to a maximum at +2 cm from the IMF. The balance of pressure exerted onto the 

breast from the paddle and the IR is also related clearly to the IMF position. For instance, as the IR 

position decreases to −2 cm in relation to IMF, the pressure exerted from the paddle increases and 

the pressure from the IR decreases. A balanced pressure from paddle and IR for all paddle/machine 

combinations is with the IR elevated 1–2 cm from the IMF. Considering the uniformity index (Fig. 4) 

with the IR elevated +1 cm from the IMF, the best balance of pressure and area is given. On the basis 

of the phantom findings the data suggest that elevating the IR 1–2 cm will increase breast IR footprint 

and potentially improve image quality. Similarly, this elevation may more evenly distribute the 

compression of the breast from above and below which may improve comfort for the person. 

V. CONCLUSIONS AND RECOMMENDATIONS 

We have created a method for measuring the pressure applied to the breast during mammographic 

compression by the compression paddle and the IR and for measuring the area of the breast in 

contact with the paddle and IR. This method has been used to assess the effect of different relative 

positions of the IR and IMF on these factors during simulated mammography of a female breast 

phantom. Positioning the IR 1-2 cm above the IMF in the craniocaudal projection results in a better 

balance of compression on the breast. At the same time this increases the footprint on the IR. A 

study in human female volunteers using our method is in progress in order to more closely simulate 

clinical practice. The purpose of this study is to verify whether the data generated from the female 

breast phantom produces similar results on human female breasts. 
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Abstract 

There is no consensus in the literature regarding the image receptor (IR) position for the cradio-

caudal projection in mammography. Some literature indicates the IR should be positioned to the 

infra mammary fold (IMF); other literature suggests the IR be raised 2 cm relative to the IMF. Using 

16 female volunteers (32 breasts) and a pressure sensitive mat we investigated breast footprint and 

pressure balance with IR at IMF and IR 2 cm above the IMF. Breast area on IR and paddle and 

interface pressure between IR/breast and paddle/breast were recorded. A uniformity index (UI) gave 

a measure of pressure balance between IR/ breast and paddle/breast. IR breast footprint increases 

significantly by 13.81 cm2 (p < 0.02) when IR is raised by 2 cm. UI reduces from 0.4 to 0.00 (p = 0.04) 

when positioned at IMF +2 cm demonstrating an improved pressure balance. Practitioners should 

consider raising the IR by 2 cm relative to the IMF in clinical practice. Further work is suggested to 

investigate the effects of practitioner variability and breast asymmetry. 

 

Introduction 

Breast compression during mammography is necessary to produce an image of diagnostic quality.1,2 

Effective compression spreads out overlapping tissues to enable better visualisation of breast 

structures; compression also reduces breast thickness, which minimises radiation to the breast.3 

Good radiographic technique ensures that the maximum amount of breast tissue is imaged 

adequately so as to optimise lesion visualisation. 

There is no consensus in the literature regarding the position for the image receptor (IR) during the 

exposure for the cranio caudal (CC) projection. Some authors suggest the IR be located at the infra 

mammary fold (IMF), whilst others indicate it can be elevated slightly from the IMF.4,5 The intention 

of elevating the IR relative to the IMF is to increase the amount of breast tissue (the ‘breast 
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footprint’) on the IR. This action would bring the object (breast) closer to the IR and potentially 

enhance image quality by reducing geometric unsharpness. Additionally, elevating IR relative to IMF 

might improve the balance of pressure on the breast from above and from below, which could result 

in the procedure being less uncomfortable, as noted by Hogg et al., in 2013.6 Despite IMF elevation 

being proposed within the literature no human study has been performed to determine whether the 

breast footprint increases or pressure balance improves when the IR is elevated. 

In 2013 Hogg et al.6 conducted a phantom study to validate a proposed method to determine the 

effect of changing the relative positions of the IMF and IR on the breast footprint and pressure 

balance. The study demonstrated that as IMF is elevated the footprint of the breast phantom 

increases and a better balance of pressure can be achieved. The paper concluded by suggesting that 

a human study should be conducted to establish whether the phantom findings hold true in human 

females. In this paper we used the method described by Hogg et al.6 on a cohort of 16 human females 

(32 breasts). Our aim was to evaluate breast footprint and pressure balance with IR at IMF and IR 2 

cm above the IMF. 

Method 

The study was approved as service evaluation by University Hospitals of Morecambe Bay NHS 

Foundation Trust UHMB, UK; ethical approval was granted by the University of Salford, UK. All 

women aged 47 to 66 employed by University Hospitals of Morecambe Bay NHS Foundation Trust 

UHMB were invited to take part in the study. After applying exclusion criteria, 16 participants were 

selected. Exclusion criteria were: previous breast surgery; pacemaker; current breast symptoms; 

local skin conditions; currently under investigation for possible breast cancer; breast bra size less 

than 5 (C cup equivalent). A GE Senographe Essential full field digital mammography (FFDM) with a 

24  30 cm fixed compression paddle was used. No x-ray images were taken during this study as the 

participants were hospital employees and not screening clients or patients. 

Using an Xsensor pressure mapping device, which comprises of an array of pressure sensors with a 

resolution of 1.6129 cm (Fig. 1), the breast phantom method described by Hogg et al. was adopted 

to collect human data.7 The Xsensor is a pressure mapping tool in the form of a flexible mat which 

records, in real time, the pressure (in mmHg) between two contacting surfaces. In this case the 

interface pressure was recorded between the IR and under-surface of the breast and between the 

compression paddle and the upper surface of the breast. Pressure readings were taken with the 

Xsensor pressure mat wrapped around participant breasts (Fig. 1). 
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For each participant, for left and right breasts, the pressure between the breast and compression 

paddle and between the breast and the image receptor, and breast footprint on IR with IR at IMF 

and IR at 2 cm above IMF were recorded. For all but one participant a compression force of 80 N was 

applied to the breasts. 

Two experienced female Health and Care Professions Council registered radiographers qualified in 

mammography carried out the breast compressions.8 To simulate clinical conditions each 

radiographer was instructed to use their normal technique for ‘IR at IMF’. IMF +2 cm was achieved 

by elevating the IR by 2 cm whilst repositioning the compression paddle. For consistency, one 

radiographer performed the left breast compressions; the other radiographer performed the right 

breast compressions. In order to minimise the potential for artefacts in the pressure map data one 

radiographer performed the participant positioning and compression, the other ensured that there 

were no creases in the pressure mat. 

Each participant received four separate breast compressions, two for each breast. A drop in 

compression force values displayed on the mammography unit was observed for several seconds 

after compression was initially applied; this phenomenon has been noted previously by Hauge et al.9 

and Ma et al.10 It was therefore necessary to adjust the compression force until a steady reading of 

80 N was maintained. Once the pressure was stable Xsensor pressure data was recorded for 5 s. 

 

Figure 2. Pressure balance: IR at IMF +2 cm. 

Data for the 16 participants was transferred from the Xsensor acquisition module to a password 

protected laptop computer. Pressure mat data was visually displayed as 2D images, where blue 

signifies low and red signifies high pressure readings (Fig. 2). Data was also recorded as matrices of 

pixel values in mmHg to allow analysis of the data, which was performed using Excel. 

Prior to analysis the numeric data within Excel was cleaned. This involved deleting artefactual data 

points not attributable to pressure on the breast. These data points sat outside the breast area and 

were created by folds in the Xsensor pressure mat. 
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For each position (‘at IMF’ and ‘IMF + 2 cm’) the following measurements were made: paddle and 

detector footprints (cm2), percentage of area on IR and average pressure on the paddle and detector 

(mmHg). 

Using these values the uniformity index was calculated where:  

Uniformity Index (UI) = (A - B)/(A + B)  

where: 

A = average pressure per unit area applied by the paddle (mmHg/cm2) 

B = average pressure per unit area applied by the detector (mmHg/cm2) 

 

 

Figure 1. GE Senograph Essential with Xsensor Pressure Mat. Left e Xsensor mat in position on the mammography IR and paddle; Right e Xsensor mat 

about to be wrapped around participant breast. 

The UI value has the following implications. If UI = 0, there is equal pressure per unit area from the 

IR and the paddle (equal distribution); if 0 < UI > 1, there is greater pressure per unit area from the 

paddle on the top of the breast, with 1 = all pressure per unit area is applied by the paddle; if 1<UI > 

0, there is greater pressure per unit area from the IR on the underside of the breast, with 1 = all 

pressure per unit area is applied by the IR. 

The difference between the area, percentage area, average pressure and UI were calculated 

between the two positions, and comparisons were made between the radiographers (for right and 

left breast). 
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Results 

One participant was excluded from the final data analysis due to intolerance of the procedure, 

resulting in 15 participants (30 breasts, 60 compression readings) being available for analysis. Fig. 2 

illustrates an image of the pressure distribution at the ‘breast/paddle’ and ‘breast/IR’ interfaces, with 

IR at +2 cm; Fig. 3 illustrates an image of the pressure distribution with the IR at IMF. 

The difference in breast footprint (cm2) between IR at IMF and IR +2 cm is demonstrated in Graph 1 

and Table 1. It is clear that for both left and right breasts, there is a significant increase in IR breast 

footprint when IR is raised by 2 cm; on average this increase is 13.81 cm2 (p < 0.02). No significant 

difference was found for paddle breast footprint when raising the IR by 2 cm, with an average 

decrease in area of 1.06 cm2 (p > 0.26). Graph 2 and Table 2 illustrate these differences in terms of 

percentage increase in area. For left and right breasts, IR breast footprint percentage area increases 

significantly by 13.81% (p < 0.02) when IR is raised by 2 cm. By contrast there is no significant change 

in percentage area on the paddle when the IR is raised by 2 cm 0.81% (p = 0.51). 

Graph 3 and Table 3 illustrate the percentage difference in pressure between IR at IMF and IR +2 cm. 

As can be seen there are significant differences, however the changes are small in comparison to the 

increase in footprint. On average the pressure decreased by 0.04% (p < 0.05) when IR was raised to 

+2. 

Graph 4 and Table 4 show the uniformity index for IR at IMF and IR +2 cm. As shown, the UI was 

closer to zero when the IR was positioned at +2 cm. On average there was a significant difference 

between the UI, which was 0.04 for IR at IMF and 0.00 for IR +2 cm (p = 0.04). 

All graphs have the following legend: 

LCC IR = left breast, Image receptor 

RCC IR = right breast, Image receptor 

Ave IR = average of left and right breast, Image receptor 

LCC P = left breast, paddle 

RCC P = right breast, paddle 
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Figure 3. Pressure imbalance: IR at IMF. 

 

Graph 1. Difference in area between positions (cm2) = (area at IMF + 2 cm)  (area at IMF). 

Table 1 Difference in area between positions (cm2) = (area at IMF + 2 cm)  (area at IMF). 

 LCC IR RCC IR Ave IR LCC P RCC P Ave P 

Average 

Max 

11.69 

64.52 

15.93 

77.42 

13.81 

77.42 

3.12 

30.65 

1.01 

27.42 

1.06 

30.65 

Min 

SD 

20.97 

20.51 

12.90 

20.48 

20.97 

20.27 

35.48 

19.23 

20.97 

15.58 

35.48 

17.35 

P value 0.04 0.01 0.02 0.53 0.80 0.73 

p Values in bold are significant. 

 

Graph 2. Percentage difference in area between positions (%) = 100*(area at IMF +2 - area at IMF)/average area. 
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Table 2 Percentage difference in area between positions (%) = 100*(area at IMF +2  area at IMF)/average area. p Values in bold are significant. 

 LCC IR RCC IR Ave IR LCC P RCC P Ave P 

Average 

Max 

9.68 

42.11 

14.25 

51.61 

11.96 

51.61 

2.62 

20.54 

1.01 

24.11 

0.81 

24.11 

Min 

SD 

13.33 

15.33 

10.67 

17.46 

13.33 

16.33 

46.81 

17.92 

17.91 

12.68 

46.81 

15.38 

P value 0.04 0.01 0.02 0.53 0.80 0.73 

p Values in bold are significant. 

 

Graph 3. Percentage difference in pressure between positions (%) = 100*((total pressure at IMF+2)  (total pressure at IMF))/total pressure. 

Table 3 Percentage difference in pressure between positions (%) = 100*((total pressure at IMF+2)-(total pressure at IMF)/total pressure. 

 LCC IR RCC IR Ave IR LCC P RCC P Ave P 

Average 0.31  0.14 0.09  0.01 0.01 0.01 

Max 0.49 0.34 0.49 0.27 0.30 0.30 

Min 6.45  0.04  6.45  0.20  0.14  0.20  

SD 1.64 0.12 1.17 0.12 0.10 0.11 

P value 0.09 0.01 0.02 0.52 0.53 0.36 

p Values in bold are significant. 

Ave P = average of left and right breast, paddle 

Total = average between left and right breast, paddle and image receptor  

At IMF is the baseline 

Discussion 

Breast footprint increases significantly when the IR is raised by 2 cm from the IMF. There are 

significant pressure differences between IR at IMF and IR at IMF +2 cm, however these changes are 

small in comparison to the increase in footprint. UI at IR +2 cm is close to zero, compared with IR at 

IMF, suggesting a better balance when the IR is raised by 2 cm.  
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Overall, raising the IR by 2 cm appears to be justified. One data point has a large pressure difference 

for the LCC IR (Graph 3); this could have been due to an error during data acquisition. Because the 

data could only be analysed after the data had been collected and because of constraints relating to 

access to the pressure recording instrumentation we were not able to repeat this measurement. 

Consequently it cannot be said with any certainty why this anomaly exists 

Table 4 Uniformity index. p Values in bold are significant. 

LCC at 

IMF 

LCC +2 RCC at 

IMF 

RCC +2 LCC and RCC at 

IMF 

LCC and RCC at +2 

Average 0.04 

Max 0.20 

0.02 

0.16 

0.05 

0.26 

0.01 

0.12 

0.04 

0.26 

0.00 

0.16 

Min 0.15 

SD 0.09 

0.10 

0.08 

0.18 

0.13 

0.12 

0.08 

0.18 

0.10 

0.12 

0.08 

P value 0.43  0.07  0.04  

p Values in bold are significant. 

Differences existed between left and right breasts. These differences could be due to asymmetry 

between the left and right breasts, or differences in radiographer technique. Female breasts are 

rarely the same shape or volume and variation is common,11-13 which might help explain our findings. 

As part of our study we could not assess breast volume or shape because bra size is not a reliable 

indicator of breast size.14-17 Further work should be considered to examine the potential effects that 

asymmetry (shape and volume) might have on pressure balance, UI and IR footprint. 

Differences in compression forces used in mammography have been reported within and between 

practitioners18-20; these differences are likely to be explained by underlying differences in 

technique.21 Such technique differences could extend to where practitioners position the IR, relative 

to the IMF. In this respect, if technique differences did exist between the two radiographers in our 

study then this might explain why UI and pressure were different between left and right breasts and 

this could represent a limitation to our work. Conversely, if practitioner differences are the 

explanation for UI and pressure differences, between left and right breasts, then this could add 

external validity to our work by reflecting the practitioner variability within clinical practice. In any 

event, for left and right breasts, and therefore for both practitioners, breast footprint on the IR 

increased when the IR was elevated by 2 cm from the IMF. 
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Conclusion 

The data suggests that raising the IR by 2 cm relative to IMF increases the breast footprint on the IR, 

gives a better pressure balance between breast/IR and breast/paddle and gives a uniformity index 

close to zero. On this basis practitioners should consider raising the IR by 2 cm relative to the IMF in 

the clinical practice. 

 

Graph 4. Uniformity index. 

Further work is suggested to investigate the effects of practitioner variability and breast asymmetry 

for breast footprint on IR, pressure balance between IR/breast and paddle/breast and UI. 

Conflict of interest statement None. 
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Abstract 

Objective: To perform a calibration study to provide data to help improve consistency in the pressure 

that is applied during mammography. 

Methods: Automatic readouts of breast thickness accuracy vary between mammography machines; 

therefore, one machine was selected for calibration. 250 randomly selected patients were invited to 

participate; 235 agreed, and 940 compression data sets were recorded (breast thickness, breast 

density and pressure). Pressure (measured in decanewtons) was increased from 5daN through 1-

daN intervals until the practitioner felt that the pressure was appropriate for imaging; at each 

pressure increment, breast thickness was recorded. 

Results: Graphs were generated and equations derived; second-order polynomial trend lines were 

applied using the method of least squares. No difference existed between breast densities, but a 

difference did exist between ‘‘small’’ (15629cm) and ‘‘medium/large’’ (18624/24630cm) paddles. 

Accordingly, data were combined. Graphs show changes in thickness from 5-daN pressure for 

craniocaudal and mediolateral oblique views for the small and medium/large paddles combined. 

Graphs were colour coded into three segments indicating high, intermediate and low gradients [≤ -2 

(light grey); -1.99 to -1 (mid-grey); and ≥-0.99 (dark grey)]. We propose that 13daN could be an 

appropriate termination pressure on this mammography machine.  

Conclusion: Using patient compression data we have calibrated a mammography machine to 

determine its breast compression characteristics. This calibration data could be used to guide 

practice to minimise pressure variations between practitioners, thereby improving patient 

experience and reducing potential variation in image quality. 

Advances in knowledge: For the first time, pressure–thickness graphs are now available to help 

guide mammographers in the application of pressure. 
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In 2008, within the UK, breast cancer was the second most diagnosed cancer in females. 

Internationally, it accounted for nearly 11% of female cancer deaths [1]. For breast cancer detection, 

mammography plays an important role in screening symptomatic populations and rigorous quality 

assurance procedures are applied accordingly [2, 3]. There is a particular emphasis on equipment 

performance [4] and image reader ability to identify abnormalities [5]. By contrast, surprisingly little 

quality assurance emphasis is placed on the clinical image acquisition phase—especially the 

optimisation of pressure to reduce breast thickness. 

Pressure is considered necessary to reduce breast thickness and for many years this reduction has 

been associated with image quality enhancement and radiation dose limitation [6]. Within the UK, 

there is no specific protocol for thickness reduction, but it is generally accepted that pressure should 

be applied slowly and gently to ensure that the breast is held firmly in place and the skin is taut to 

touch or that blanching occurs [3, 7, 8]. The National Health Service Breast Screening Programme 

(NHSBSP) suggests that pressure should not exceed 20 daN. Limited literature exists about the 

application of pressure. However, Sullivan et al [9] demonstrated a relationship between pressure 

and thickness, and a maximum value of 16 daN was suggested. By contrast, Chida et al [10] used a 

standard compression force of 12 daN; if patients experienced pain a reduced force of 9 daN was 

suggested. Documented variation of opinion therefore exists. 

Practitioner subjectivity associated with pressure application has been a concern for many years [11], 

and in 2004 Poulos and McLean [12] predicted that lack of attention to this could lead to large 

variations. In 2011, Mercer et al [13] concluded, from a cross-sectional clinical study of 500 females 

and 14 practitioners (radiographers and assistant practitioners), that large variations existed, and 3 

categories of ‘‘compressor’’ were identified by their mean compression values: low—7.4 daN 

[standard deviation (SD) 1.5]; medium—8.8 daN (SD 1.5); and high—11.1 daN (SD 2.1). Importantly, 

Mercer et al concluded that the variation is highly dependent upon the practitioner. The study by 

Mercer et al raises concerns about the consistency of care, radiation dose and image quality, and 

suggests that more objective criteria for the application of pressure in mammography are required. 

On reviewing the literature it is clear that little is published on the optimisation of pressure in 

mammography; for instance, almost no empirical data are available to describe how the in vivo 

female breast behaves when pressure is applied to it. This may partly explain why the NHSBSP 

guidance is lacking in detail and also why this aspect of practice is not adequately quality assured. 

In this exploratory study we present a method and data to describe the relationship between 

pressure and female breast thickness. Because mammography machine and paddle combinations 
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have readout thickness inaccuracies [14, 15], we have verified the relationship only for one machine 

by using a sample from its ‘‘typical’’ clinical population. It is worth remembering that Hauge et al [14] 

used a deformable breast phantom to determine how readout thickness varied from actual 

thickness; the experiment was conducted under clinically realistic conditions, which incurred bend 

and distortion across the paddle surface. These are not accounted for in standard medical physics 

quality control tests. With this in mind, it might be that, for the same pressure, thickness values will 

be different between mammography machines and different paddles. Similarly, there may be patient 

differences too, particularly between screening and symptomatic caseloads. Calibrating a 

mammography unit based on its local caseload would therefore seem an important first step. 

Our study follows a similar design to work conducted by Hoflehner et al [16] and Poulos and McLean 

[12]. For one mammography machine, we outline a method to determine breast compression 

characteristics which include typical end points for pressure cessation and critical stages within the 

compression cycle. We conclude by proposing that our approach could be used to establish local 

pressure standards on which practice might be based and assessed. 

Methods and materials 

The mammography machine (HologicTM Selenia; Hologic UK Ltd, West Sussex, UK, full field digital) 

served only a symptomatic female patient population, from which a sample of 250 patients was 

drawn. Three paddle sizes were used for imaging [1—small (15629 cm), 2—medium (18624 cm) and 

3—large (24630 cm)]. Routine medical physics quality assurance tests performed on the machine 

indicated it to be operating within expected manufacturer specifications. Owing to refusals (7) and 

exclusions (8), only 235 patients participated. Reasons for exclusion included breast implants and 

incomplete sets of pressure/thickness data. To minimise bias, computer-generated randomisation 

tables were used to select the patients. To meet ethics approval requirements, informed consent 

was established prior to commencement. Ethics approval was granted by North Manchester General 

Hospital, Manchester, UK, and the University of Salford Ethics Committee, Salford, UK; the hospital 

in which the study was conducted considered the work to be ‘‘service evaluation’’, and approval was 

granted accordingly. As part of the normal mammogram imaging routine, 940 compression sets were 

acquired, of which 470 were craniocaudal (CC) and 470 were mediolateral oblique (MLO), with left 

and right described as l and r, respectively. 

Five practitioners who held recognised mammography qualifications conducted the mammograms. 

Prior to the study, to minimise practitioner technique and data recording variability, a 2-week 

training review was conducted. To help the practitioners, the same assistant was present in the room 
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for all mammograms to record the pressure and breast thickness data. For the study, all practitioners 

followed the same technical and positioning procedures; these were in line with published 

techniques [7]. For rCC, rMLO, lCC and lMLO, automatic machine readouts for breast thicknesses 

were recorded along with the applied pressures (measured in decanewtons). For the most part, this 

recording procedure commenced at 5 daN and increased through 1-daN increments until the 

practitioner had reached the termination pressure and thickness for the patient’s mammogram. 

Factors affecting termination of pressure included patient tolerance and the practitioner deciding 

that enough had been applied. These factors meant that the lower pressures had more data and the 

higher pressures had less data. Overall, per patient, the pressure and thickness recording process 

added to examination time by approximately 2–3 min. Breast density scoring was performed by two 

experienced observers using the Breast Imaging Reporting and Data System (BI-RADS) classification 

[17]. Their agreement was high (79%), and to resolve differences in opinion a third experienced 

observer arbitrated so that agreement was reached in 100% of the cases. Additional data collected 

on each patient included age and menstrual status. 

Results 

Each practitioner collected data on different numbers of patients (40%, 13%, 25%, 17% and 5%). Of 

the patients, 96% were attending the one-stop diagnostic clinic; for 58%, it was their first 

mammogram attendance. There was a fairly even distribution across the menstrual cycle [1–7 days 

(16%); 8–14 days (11%); 15–21 days (11%); 21– 28 days (9%); 28+ days (12%); and unknown (1%)], 

with almost half of the patients being post menopause (40%). Age distribution demonstrates that 

there was close similarity to the previous 3 years’ clients (Pearson’s correlation indicates: 

2008/study, r=0.926601; 2009/ study, r=0.923102; 2010/study, r=0.944200); BI-RADS density 

distribution indicates that BI-RADS 4 was undersampled (2%) but BI-RADS 1, 2 and 3 were fairly well 

represented (20%, 59% and 19%, respectively). Paddles were used with the following frequencies: 

small, n=19 (8%); medium, n=96 (41%); and large, n=120 (51%). Prior to generating graphs of 

pressure and breast thickness the data were examined for quality. As noted earlier, it was observed 

that less sampling was performed at higher compression values. Because of this, to minimise error, 

for each pressure value, data were excluded that did not have adequate sample size. The cut-off 

sample size was √N, where N was the maximum number of patients acquired within the chosen 

group. As the pressure increased, the number of patients able to be sampled decreased, owing to 

either imaging requirements or patient tolerance. This meant that, as pressure increased, sample 

numbers decreased. A cut-off sample number was required and this was chosen to be the square 
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root of N (√N), where N was the number of patients at the initial pressure, as this is the standard 

error value within a sample (assuming a normal distribution). Sample numbers lower than this value 

would mean that the sample was below the standard error, leading to high standard deviations. This 

meant that for all samples a value of 14 daN was the cut-off pressure value. 

 

The initial thickness of breast tissue inevitably varied, depending on the patient size; therefore, the 

change in thickness (measured in millimetres) was evaluated to observe the effect the compression 

had on the deformation of the tissue. Using graphs, the data are therefore described as the absolute 

change in breast tissue thickness measured from the thickness at 5 daN in millimetres. Knowing that 

paddles may have different compression characteristics, data from the three paddles were 

presented in graphical form (Figures 1 and 2). As can be seen for MLO and CC, Paddles 2 and 3 

(medium and large) describe similar characteristics while Paddle 1 (small) is different. Graphs were 

generated for the BIRADS categories (Figures 3 and 4). It is worth noting that no graph is presented 

for BI-RADS 4, as only four sets of patient data were available. Because the scatter plot of these four 

and all of BI-RADS 3 had similar distributions, we included the four into the BI-RADS 3 group to 

increase sample size. 

In Figures 3 and 4, divergences in the graphs can be seen at around 11 daN. These divergences could 

be explained by the reduced sampling at the higher pressure values; this is illustrated in Figure 5a,b. 

For MLO and CC, little difference is noted until 11 daN; consequently, accepting that the divergence 

beyond this point is due to sampling error, all BI-RADS for the small paddle (Figures 6 and 7) and all 

BI-RADS for the medium and large paddles (Figures 8 and 9) were combined, and composite graphs 

were created. Error bars demonstrate the standard deviation of the data. Second-order polynomial 

trend lines were applied to the data using the method of least squares. These gave good correlation 

Figure 1 Paddle comparison—

craniocaudal view. Paddle 1, small 

(15x29 cm); Paddle 2, medium(18x24 

cm) Paddle 3 large, (24x30cm). 
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(r2 > 0.98) for all data sets. Extrapolation of the data demonstrates the point at which further 

compression force no longer decreases breast tissue thickness (zero gradients).  

 

 

 

 

Maximum compression forces derived from the composite graphs are: small paddle, CC 18.4 daN, 

MLO 15.9 daN; medium and large paddles, CC 16.9 daN, MLO 17.3 daN. 

Using the applied polynomial trendlines, the equations were differentiated to enable calculation of 

the gradient at various points. The gradient demonstrated the amount of change of thickness of 

Figure 2 Paddle comparison— 
mediolateral oblique view. Paddle 
1, small (15x29cm); Paddle 2, 
medium (18x24 cm); Paddle 3, 
large (24x30cm) 

Figure 3 Breast Imaging 
Reporting and Data 
System (BI-RADS) 
comparison—
craniocaudal (CC) view. 
LCC, left CC; RCC, right 

Figure 4 Breast Imaging 
Reporting and Data System 
(BI-RADS) comparison—
mediolateral oblique 
(MLO) view. LMLO, left 
MLO; RMLO, right MLO 
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tissue, per unit of pressure applied. A higher gradient means a greater reduction in tissue thickness 

per unit of pressure applied. On this basis, we have colour coded the graphs into three gradient 

segments: ≤ - 2 (light grey); -1.99 to -1 (mid-grey); and ≥0.99 (dark grey). The use of this gradient 

calculation and the colour coding is described in the discussion section below. 

 

Figure 5 (a) Craniocaudal compressions; (b) mediolateral oblique compressions. BI-RADS, Breast Imaging Reporting and Data System. 

 

 

 

 

Figure 6 Small paddle—average 
craniocaudal. 
 

Figure 7 Small paddle—average 
mediolateral oblique 
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Discussion 

This study was carried out in a symptomatic unit where a larger proportion of younger females are 

imaged than in a screening setting; 63% of patients imaged were under the age of 50 years. While 

this may represent a study limitation, it does reflect the clinical norm for this machine’s usage in 

symptomatic practice. Given that the intention was to propose a pressure calibration for the 

mammography machine using its own patient population, ‘‘oversampling’’ of BI-RADS 1–3 would 

seem to be appropriate, because BI-RADS 4 is likely to be associated with a much younger age. 

Surprisingly, on reviewing Figures 3 and 4, there were almost no differences between the BI-RADS 

densities up to 11 daN (with some divergence beyond this, as explained earlier). This minimal 

difference may be because of the limited precision for the thickness measurements, suggesting that 

minor compressibility differences may exist but the machine cannot differentiate them. By contrast, 

differences did exist between the small and the medium/large paddles (Figures 1 and 2). Patient and 

paddle factors are likely to account for this. Firstly, the small paddle is used exclusively on small 

breasts and for these breasts there tends to be less mobility with a much smaller compression 

capability range. Secondly, the small paddle is non-tilting, unlike the medium and large paddles, 

which do tilt. Hauge et al [14] noted that larger thickness readout errors are associated with tilting 

paddles, so the differences could partly be owing to precision. Overall, the lack of difference between 

BI-RADS scores is helpful because it means that for this machine all BI-RADS scores can be combined 

Figure8 Medium and large paddles— 
average craniocaudal. 

Figure 9 Medium and large paddles— 
average mediolateral oblique 
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for the small and medium/large paddles, allowing for a simpler process of calibration because only 

two composite CC and two composite MLO graphs would be required. Applying the data to the 

clinical setting would also be simplified. 

Figures 6–9 demonstrate that SDs tend to increase with increasing pressures. This was explained 

earlier in relation to the reduced sampling for the higher-pressure values. Should this study be 

repeated, consideration should be given to how more data might be recorded for higher-pressure 

values, with due regards to patient comfort and tolerance. However, for all four graphs (Figures 6–

9), extrapolation suggests that the NHSBSP maximum of 20 daN was not reached. This indicates that 

the machine’s maximum average pressure falls within the NHSBSP recommendation; on the other 

hand, it might suggest that for this mammography machine a lower maximum absolute value could 

be proposed (e.g. 19 daN for small and 18 daN for medium/large paddles). The colour-coded graphs 

(Figures 6–9) demonstrate areas of different gradients as described within the method. The gradient 

describes the amount of reduction in tissue thickness per unit of pressure, i.e. the rate of change of 

tissue thickness. In all cases the light-grey zone depicts a high rate of change, with average gradients 

of -2.0 and higher. The mid-grey zone depicts a medium rate of change, with average gradients 

varying from -1.99 to -1.0. Finally, the dark-grey zone depicts a low rate of change, with average 

gradients varying from 0 to -0.99. On comparison with the light-grey zone, once the dark grey zone 

has been entered the amount of breast thickness reduction is relatively small compared with the 

pressure required to effect that change. By contrast, in the light grey zone there is a very high level 

of thickness reduction achieved for relatively small amounts of applied pressure. As the dark-grey 

zone is entered, resistance increases rapidly and the potential for pain and discomfort is also likely 

to increase quickly per applied decanewton. The thickness reduction in the dark-grey zone is low 

compared with the pressure required to effect that change; therefore, the benefit of applying 

additional pressure from the point of entering that zone ought to be questioned. On this basis, we 

propose that the practitioner enter the midgrey zone and then attempt to reach but not necessarily 

enter the dark-grey zone before ceasing the application of pressure. Consideration for terminating 

compression for this machine would, therefore, on average, begin approaching 13daN. 

Practitioner latitude for the application of pressure would still be expected for patients who 

experience pain/discomfort and further research is required to assist the practitioners in using 

graphs of this type. At first presentation for mammography, the graphs could be used to help guide 

initial pressure and thickness values; for subsequent visits previous thicknesses and pressures should 

be noted but attention should still be paid to the graphs. It may be valuable to overlay a measure of 
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pain/discomfort on Figures 6–9 and further research is proposed on this basis. It is also important to 

recognise that the selection of the critical gradients which differentiate the three shaded grey zones 

was arbitrary; it is likely that they will be redefined based on experience. 

Conclusion 

The lack of detail in national guidelines and published literature for the application of pressure in 

mammography can allow for variation to occur between and within practitioners. This variation may 

have consequences for mammographic image quality, radiation dose and patient experience. 

Using female breast compression data for one mammography machine, we have proposed a method 

which may help minimise practitioner variability. Our method acknowledges that mammography 

machines have inherent differences and because of these each machine may require calibration. 

Additionally, we have acknowledged that different machines will serve different populations and 

those populations might also affect the calibration. We anticipate that our method and calibration 

data could be used to inform local practice and also serve as an audit standard. Consequently, we 

believe that our approach provides evidence for breast compression limits specific to the machine 

and its population and is therefore likely to have value within other mammography imaging centres. 

Finally, we would like to propose that our approach may be worth replicating on other 

mammography machines and paddles, because the resultant data could be used to help improve 

consistency in the application of pressure. 
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Abstract 

Description of purpose 

A novel software programme and associated Excel spreadsheet has been developed to provide an 

objective measure of the expected visual detectability of focal abnormalities within DICOM images. 

Methodology 

ROIs are drawn around the abnormality, the software then fits the lesion using a least squares 

method to recognise the edges of the lesion based on the full width half maximum. 180 line profiles 

are then plotted around the lesion, giving 360 edge profiles. 

The co-ordinates show in Figure 1 are captured, as well the standard deviation of the pixel values 

within the background and lesion (representing anatomical noise and lesion noise respectively).  

 

An Excel spreadsheet has been developed to allow variables to be calculated, including SNR and CNR. 

A conspicuity index has also been developed: 
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Results 

The software has been validated using the GAMMEX ACR CT accreditation phantom, varying mA, kVp 

and slice thickness (ST) and the results have been found to give a linear response: 

 

 

Conclusion 

A novel software programme has been validated to allow calculation of many physical properties of 

lesions. Additionally, a new measure of conspicuity index has been developed for focal lesions. 

The analysis could be further developed to incorporate reader decision-analysis data and eye-

tracking data allowing correlations between physical and perception measures to be made beyond 
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basic CNR calculations. It could also be used as a tool to distinguish between perceptual and cognitive 

error. 

Further refinements could lead to measures of the detectability of more diffuse disease features. 

Keywords: objective, conspicuity, index, image quality 

INTRODUCTION 

It is well known that the performance of people reporting medical images is not perfect, both false 

positive and false negative decisions can be made, which can impact on the patient pathway. Errors 

such as these can be put down to two main factors, poor lesion detectability due to the imaging 

process, and cognitive or perceptual errors.  

The quality of an image can be determined in numerous ways. Medical imaging systems are 

maintained and quality assured using structured phantoms, and measures such as signal to noise 

ratio (SNR) contrast to noise ratio (CNR), spatial resolution in terms of modulation transfer function 

(MTF) [1, 2] are used to ensure the system is still functioning within expected limits. It needs to be 

recognised however, that these measures, although essential for maintaining and assuring standards 

of equipment, do not represent the complexities of a diagnostic image[1] and their outcome 

measure is not directly related to any specific radiological task. As well as the natural tissue variations 

within patients, quality control measures are taken under strict protocols, positioning and acquisition 

parameters, which do not represent the acquisition of an image of a patient. The term lesion 

conspicuity is an attempt to represent the visibility of a lesion taking into consideration the structure 

of the lesion, and the tissues surrounding it as well as taking into account the diagnostic potential of 

the image for a well-defined radiological task. 

Conspicuity 

The term  ‘conspicuity’ was first  used in 1974 by Revesz et al[3], and defined as the lesion contrast 

divided by the surrounding complexity, where the lesion contrast is the density change across the 

lesion border, and the surround complexity is the rate of fluctuation of the density around the lesion 

border. This led to a definition of structural, or anatomical, noise which takes into account the 

surrounding structures and artefacts. However is was recognised within this seminal piece of work 

that this is a simple equation and does not take into account other features that could affect the 

conspicuity of a lesion. 

Factors affecting conspicuity 
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An important consideration to take into account is that a diagnostic radiograph is not a simple 

shadow of the anatomy, it is a complex summation of a polyenergtic beam of X-rays that have 

interacted in a 3D object within multiple layers. Therefore, as it is a summation of several layers, 

subtle lesions may be obscured by overlying anatomical structures[4]. Samei et al[5] inserted 

simulated lesions at different positions on a chest radiographs and found significant variation in 

lesion detectibility as a function of position, finding that local anatomic variations surrounding and 

overlying subtle lesions on a chest radiograph that are created by the projection of anatomic features 

in the thorax, such as ribs and pulmonary vessels, can greatly influence the detection of lesions. 

Even in 3D imaging such as CT, adjacent anatomy can obscure lesions. Li et al[6] undertook a review 

of missed cancers during CT screening using low dose helical CT in a general population, and found 

that all 32 missed lesions were found to be in the interpulmonary region, and that of the 23 missed 

lesions due to detection (rather than interpretation) error, 19 of those were due to the fact that the 

lesions appearance was similar to that of normal structures. When measuring signal to noise or 

contrast to noise ratio, usually the noise is measured from a background that doesn’t include 

complex surrounding structures, therefore these complexities that affect the detectability of a lesion 

are not recognised with these standard measures.  

Noise is defined as unwanted information on the image[1], and there are two types that need to be 

taken into account when considering the conspicuity of the lesion: the structural noise and the 

radiographic noise. Structural noise, as discussed above, is task dependant. However radiographic 

noise is not dependant on the subject being imaged, but is stochastic in nature and  dependent on 

many factors, such as the exposure factors used and the capability of the detector[1]. Radiographic 

noise is measured using SNR, and provides information about the system capability, but does not 

give the full information about the noise within a clinical image. 

The size of a focal lesion is an important factor in determining its conspicuity. Many studies have 

found that lesions that are smaller than 1cm are missed when viewing 2D images[7], and 3mm is 

deemed the threshold size limit for detecting a lesion[4]. In mammography Birdwell et al[8] found 

that 81% of missed lesions in their study were found to be less than 20mm even when retrospectively 

assessed, and Michealson et al[9] found that the median size of lesions to be detectable by 

mammographic screening was 7mm, with only 40% of lesions being seen at 5mm. As previously 

discussed, Li et al[6] found that in CT 11 of the 32 missed lesions could not be identified as they were 

barely discernible due to their size (<2mm). It is recognised, however, that even the smallest image 
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feature can be detected if its contrast against the background is high enough, and this principle is 

used to good effect in the contrast/detail test objects in quality assurance programmes [33].  

Contrast is an essential measure of the diagnostic capability of a system. CNR and SNR are standard 

measures used to represent this, in clinical assessment of images as well as in quality control. They 

are both size independent if they are used in isolation as quantitative measures of image quality. 

They represent the difference in signal amplitude between  the lesion or test feature and the 

background [2, 10]. Both SNR and CNR are used as an objective measure of the quality of an image. 

Measures are taken of the signal of the lesion, and the signal of the surrounding areas and this data 

is used to calculate either the SNR or the CNR. Contrast agents such as barium sulphate in 

fluoroscopy, iodine in CT etc. can be added to improve visibility of the structures of interest. 

Improved contrast leads to greater detectability of a lesion, and so is an important measure of the 

image quality capabilities of a system. 

The sharpness refers to the ability of the system to represent distinct anatomical features within the 

object being imaged[1], therefore the sharpness of the border of a lesion impacts on its visibility. 

There are mathematical techniques to measure the sharpness of a system. Point and line spread 

functions and their Fourier transform, the MTF all measure the resolving capability[1] or spatial 

resolution of a system, and take into account issues such as focal spot size, the polyenergetic beam, 

and any magnification that can cause blurring of edges. Blurring can also occur due to voluntary or 

involuntary patient motion. Blurring causes reduced visibility of details, image un-sharpness and 

reduced spatial resolution. The 3 mm minimum size of lesion visible, as discussed above is only 

applicable if the edges of the structure are parallel to the X-ray beam, if the margins are bevelled 

(either due to blur, or anatomical causes) then this influences the visible threshold size[4]. Edge 

sharpness has a powerful influence on the probability that an image feature will be detected. This is 

because loss of spatial resolution reduces the effectiveness of the Mach band phenomenon in the 

visual system which so enhances narrow gradients between adjacent regions of different grey-level 

[11].   

In summary, the factors that have been reported to affect the conspicuity of a lesion have been 

found to be the structural noise within and surrounding a lesion, the size of the lesion, the contrast 

and the sharpness of the edges. 

Measuring Conspicuity 
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Likert scales are often used in observer studies in attempts to quantify conspicuity [12-18] , when 

comparing modalities, varying acquisition factors, or using different contrast agents. The likert scales 

used vary greatly within these studies, in terms of number of points on the scale, and the terms used 

for each of the points, and the scale is always task dependant. However, the use of likert scales are 

open to bias[19], because both perceptual and cognitive errors may be included within the task, 

therefore, the use of likert scales is not an objective measure of conspicuity. 

Conspicuity has also been assessed using the two alternate forced choice method, 2AFC are those 

where the participant is asked to choose between two images, one is a static reference image the 

other varies depending on the research question being asked. Due to the way the studies are 

designed, these techniques are less susceptible to bias than likert scales and present low variability. 

However large sets of images are needed and it can be time consuming both in terms of the individual 

observer, and the number of observers required in the study, making it a costly technique. It needs 

to be noted however that numerous questions can be asked of the observer, not just the conspicuity, 

during 2AFC, adding to the complexity depth of the data obtained. An issue to consider with 2AFC is 

that it provides ordinal data, where the images are sorted in order, and the difference between the 

ranks are assumed to be equal, therefore the findings are dependent on the dataset used within the 

study. 

Various studies have used region of interest data to measure conspicuity[20, 21] comparing the 

lesion to the surrounding tissue, and although this is an objective measure that indicates the 

conspicuity of the lesion it does not take into account the other factors that affect the conspicuity, 

such as lesion size and sharpness as discussed above.  

Manning et al[22] first proposed a method of combining the factors that describe conspicuity into a 

single equation. This equation took into account those factors that impact on conspicuity of a lesion 

based on the saliency of the image feature to the visual system, Line profiles were plotted across a 

lesion, extending into the immediate surrounding background and the following equation was 

developed. 

𝜒 =
𝑑 tan[𝜃 − 1]∆𝐺𝐿

√𝜎𝑠
2 + 𝜎𝑛

2
 

Equation 1 calculation of conspicuity index[22] 

 

Where: 



114 
 

χ = conspicuity index 

d = maximum lesion dimension 

θ = maximum edge angle 

ΔGL = mean contrast (difference in grey level) 

σs = mean noise within the lesion 

σn= mean background noise 

However, there were limitations to this work. The analysis was performed on chest films that were 

converted to digital format, rather than digital images and only four line profiles were plotted. This 

was unable to capture the features of the entire lesion, gave only limited information on the 

distribution of background noise and introduced losses in the digitisation process, It was also 

dependent on the operators’ choice of placement of the lines. A further limitation of the work was 

the decision to use the maximum angle from the four profiles rather than the mean value of the edge 

angles. This gave little insight into the radial extent of the maximum edge angle and could therefore 

overestimate its influence on the salience of the whole lesion.  Nevertheless it showed there was 

value in making such measurement because it could help discriminate detection and decision errors, 

provide a perceptual guide to the technology of CAD and image enhancement processes and it 

extended the range of parameters available in eye-tracking experiments. The present work builds on 

this original set of ideas and provides a more refined and precise means of quantifying the perceptual 

salience of focal image features. 

Perceptual Measures 

Kundel et al [23] defined three lesion detection error classifications; search or scanning errors, 

recognition errors, and decision making errors. Scanning errors are due to the failure of the observer 

to fixate on the lesion, recognition errors are when the lesion is fixated on yet failing to detect it as 

a lesion, and decision making errors are incorrect interpretation of the observed lesion[23], by far 

the largest proportion of errors have found to be in decision making[23]. Other perceptual errors 

come from satisfaction of search (SOS) error, where the observers’ attention is diverted from the 

lesion by a more conspicuous finding [24-26]. 

Perception based image quality assessment is far more useful for determining diagnostic capabilities 

than objective measures, as it is directly related to the way the operator looks at the images, where 

the quality is directly related to the ability to detect and recognise the lesion[27]. However human 
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observer studies such as ROC-AUC[28] or 2AFC[29, 30] studies can be time consuming, and 

potentially expensive, and can also yield inconclusive findings, and so additional objective measures 

are useful to support human observer studies[27]. 

When Revesz et al[3] measured the conspicuity of lung nodules, and film readers were asked to 

determine the presence and location of any lesions, they found that the calculated conspicuity 

correlated with the probability of detection within a limited range of conspicuity values. Samei et 

al[5] measured the contrast-diameter product based on local anatomical noise, and found a 

correlation with detectability of the lesions with this measure. 

However, attempting to correlate objective measures with human observer studies has not always 

proved successful, Manning et al[22] found poor correlation between the measure of conspicuity 

index and missed lesions in chest radiography and indicated that decision errors were more common 

than those of detection. However it is recognised that the approach to calculating conspicuity was 

limited, as only four profiles and also the lack of correlation involved other types of observer error 

as originally noted by Kundel et al[22]. Mello-Thomas et al[31] also found during an eye tracking 

study, that unreported lesions often received adequate visual attention and other eye tracking 

studies have found that the conspicuity of a lesion, or the amount of time it is observed, is not the 

only reason they are not reported[22, 32-34]. In short, although errors in radiology are not confined 

to readers missing features because they are poorly demonstrated it is valuable to inform efforts to 

improve the radiological task with measures of image quality that use functional data on visual 

performance. Conspcuity indices make a contribution to this endeavour.   

Methodology 

Software design 

A novel software programme was developed to enable analysis of focal lesions within DICOM images. 

Using a JAVA based programme, an operator is enabled to draw a region of interest (ROI) around a 

lesion. Any number of ROIs within the image can be drawn. 

The software then plots 180 line profiles around the ROI, giving data 360° around the lesion. 
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Figure 1 line profiles from ROI 

Figure 1 gives an example of a single line profile across an ROI. The least squared method is used to 

fit the profile, this improves objectivity if the ROI is not drawn exactly around the lesion. 

The following data is then exported as a TSV file for use in Excel; the profile values (in grey scale 

values) of X0,1,2,3,4&5, Y0,1,2,3,4&5, the standard deviations of the Y values between X0 & X1 (sd1) and X4 & 

X5 (sd2) are used to represent the (structural) background noise, and the standard deviation of the Y 

values between X2 & X3 (sdTop) are used to represent the noise within the lesion. 

Data analysis 

An Excel spreadsheet has been developed to import the TSV files and then to calculate the following: 

�̅� =  (𝑋3 –  𝑋2)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = average lesion dimension 

Equation 2 

 

�̅� = tan−1 [
𝑌2−𝑌1

𝑋2−𝑋1
] , tan−1 [

𝑌4−𝑌3

𝑋4−𝑋3
]

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 = average slope angle of all the line profiles 

Equation 3 

∆𝐺𝐿̅̅ ̅̅ ̅ = 𝑌2 −
(𝑌1 + 𝑌4)

2

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

= the average difference in grey levels between the lesion and the background 

Equation 4 

𝜎𝑠 ̅̅ ̅ = 𝑠𝑑𝑇𝑜𝑝 

Equation 5 
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𝜎𝑛̅̅ ̅ =
𝑠𝑑1 + 𝑠𝑑2

2
 

Equation 6 

This data was then used to calculate the Conspicuity Index (χ): 

𝜒 =
�̅� tan[�̅� − 1]∆𝐺𝐿̅̅ ̅̅ ̅

√𝜎𝑠
2̅̅ ̅ + 𝜎𝑛

2̅̅ ̅
 

Equation 7 

A distinction between Equation 1 and Equation 7 is that instead of using the maximum slope angle 

and lesion dimension has been used, this is due to the sensitivity of the data, and the maximum 

values having the possibility of representing noise instead of real values. However, this can be 

amended to calculate any values as required. 

CNR and SNR can also be calculated using the following equations 

𝐶𝑁𝑅 =
𝑌2 − (

𝑌1 + 𝑌4

2 )

𝑌2

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

 

Equation 8 

𝑆𝑁𝑅 =
𝑌2 − (

𝑌1 + 𝑌4

2 )
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

√𝑠𝑑𝑇𝑜𝑝2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + (
𝑠𝑑1̅̅ ̅̅ ̅ + 𝑠𝑑2̅̅ ̅̅ ̅

2 )
2

 

Equation 9 

Software reliability 

The software was tested for reliability by using the Gammex ACR CT accreditation phantom. A 

Toshiba Aquillion 16 CT scanner was used, and images were acquired using the following parameters: 

kVp 80, 100, 120, 135; 50-400mAs, in 50 mAs increments; 1, 2, 3, 4 mm slice thickness (acquired and 

reconstructed) all using singe slices through Section 4 of the phantom, an example image is shown 

in Figure 2 below. ROIs were drawn and the conspicuity index was calculated. This was repeated four 

times to assure reproducibility of the conspicuity index calculation. 
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.  

Figure 2 - Gammex ACR CT Phantom 

Phantom Data 

The software was also tested using a realistic anthropomorphic chest phantom “Lungman” [35], with 

4 lesions inserted Figure 3, Figure 4 and Table 1 below. 

 

Figure 3 - Lungman phantom 
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Figure 4 - CT image of Lungman phantom with lesions 

Lesion Number Size (mm) Hounsfield Units 

1 8 +100 

2 8 -630 

3 8 -800 

4 5 -800 
Table 1 - Lesion inserted into Lungman phantom 

The phantom was imaged using the same CT scanner on a 1mm High Resolution Chest CT protocol, 

with varying mAs of between 25-600 mAs. 

Results 

Software reliability 

 

Graph 1 Conspicuity Index - 1mm Slice Thickness 
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Graph 2 Conspicuity Index - 2mm Slice Thickness 

 

Graph 3 Conspicuity Index - 3mm Slice Thickness 

 
Graph 4 Conspicuity Index - 4mm Slice Thickness 
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Phantom Data 

 

Graph 5 - "Lungman" phantom lesion 1  

 

Graph 6 - "Lungman" conspicuity index- low contrast lesions 

Discussion 

All reliability results (Graph 1, Graph 2, Graph 3, Graph 4) were linear with mAs and behaved as 

expected with varying kVp and slice thickness. This demonstrates that the software is reliable in 

terms of representing the conspicuity within a DICOM image. Also, the ROIs were drawn 4 times, and 

as can be seen from these graphs, the standard deviations are very low, demonstrating 

reproducibility. 
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The more clinically representative phantom data using the “Lungman” phantom also demonstrates 

the reliability of the software, as even in a more complex phantom the results were still as expected 

with the changing parameters. Graph 5 demonstrates that the conspicuity index increases with mAs 

up to a point where it plateaus. This demonstrates the lack of improvement in conspicuity with 

increased mAs, and demonstrates the capability of the software to provide optimisation 

opportunities for clinical imaging. Graph 6 demonstrates that with low contrast lesions, the 

conspicuity is low, as expected, the lesions with a greater difference to background (lesion 3) shows 

the highest conspicuity index, with lesion 4 being the lowest value, as this is the smallest lesion 

(5mm) 

The software has been used on real clinical images, and been shown to function with DICOM images 

from various modalities and manufacturers, however it has not yet been used to assess the 

diagnostic performance of real clinical images. Due to the radiation risk, the reliability of the software 

cannot be established using real clinical images as variables would have to be repeatedly changed 

on the same participant to demonstrate the behaviour of the conspicuity index, and this would 

require ethical approval. 

Now the software and calculations have been found to be reliable, future work with this software is 

to compare to perceptional analysis, such as JAFROC, 2AFC and eye tracking.  

Although correlations of these distinct datasets may be possible in simple controlled images, such as 

physics phantoms, there will be the added complications of decision errors, and so this software has 

the potential to distinguish between perceptual and cognitive errors. 

Currently this research has focused on focal lesions, however it is recognised that there are many 

other lesion types, such as linear or diffuse, future developments of the software may include 

analysis of these types of lesions. 

Conclusion 

A novel software has been developed that enables the calculation of the conspicuity index of focal 

lesions in DICOM images. 

The software and associated Excel spreadsheet have been tested for reliability and has been shown 

to provide reliable reproducible results. 



123 
 

The analysis could be further developed to incorporate JAFROC and eye-tracking data allowing 

correlations between physical and perception measures to be made beyond basic CNR calculations, 

it could also be used as a tool to distinguish between perceptual and cognitive error. 

Further refinements could lead to measures of the detectability of more diffuse disease features. 
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Effects of Increased Compression with an Ultrasound Transducer on the 
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Abstract 

Ultrasound imaging of the breast is highly operator dependant. The amount of pressure applied with 

the transducer has a direct impact on the lesion visibility in breast ultrasound. 

The conspicuity index is a quantitative measure of lesion visibility, taking into account more 

parameters than standard measures that impact on lesion detection [1]. 

This study assessed the conspicuity of lesions within a breast phantom using increased transducer 

compression in breast ultrasound. 

Methods 

A phantom was constructed of gelatine to represent adipose tissue, steel wool for glandular/blood 

vessels and silicone spheres to represent lesions, this meant that the lesions were also compressible, 

but less than the surrounding tissue. 

 

The phantom was imaged under increasing transducer compression. 
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The conspicuity index was measured using the Conspicuity Index Software. The distance between 

the transducer surface and lesion surface was measured as an indication of increased compression. 

Results 

 

When moderate compression (17mm) was applied, the conspicuity index increased resulting in 

better visualisation of the silicone lesions. However, with increased compression the conspicuity 

index decreased.  

New work to be presented 

The conspicuity index has never been demonstrated in ultrasound imaging before. This is preliminary 

phantom work to demonstrate the impact of increased transducer compression on quantitative 

lesion visibility assessment. 

Conclusion 

The compression applied should be moderate for optimum visualisation, as excessive pressure 

decreases conspicuity. However, further work needs to be conducted in order to consider other 

factors, such as density of the breast and lesion location, for a better understanding of the effect of 

compression on the visualisation of the lesion. A human study is planned. 
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Introduction 

Ultrasound scanning is often used in conjunction with mammograms and are performed when 

additional information is required. Ultrasound is used to explore factors, such as the source of breast 

symptoms, check for breast lumps and investigate abnormal results from a mammogram. In addition, 

it is frequently a choice of imaging for young women with dense breast tissue, as mammograms do 

not demonstrate sufficient detail [2] Although, ultrasound is used in addition to a mammogram, it 

can be the primary choice for detecting breast lesions. This often occurs when a mammogram is not 

an option, due to the ionising radiation, or simply is not available [2]. Ultrasound has many 

characteristics, which make it an extremely useful modality. These characteristics include: simplicity 

(it does not require any special preparation), immediacy of the image, rapidity of examination, 

availability, ability to study pathologic and normal masses in real time, cost and that it does not carry 

any known side effects. Ultrasound is usually not uncomfortable, however discomfort can be 

experienced when the transducer is compressed against the area of examination [3]. 

Ultrasound is able to detect palpable, as well as non-palpable lesions and early carcinomas. In 

addition, it is often used for the staging of the lesions.  However, the accuracy of the ultrasound 

examinations is highly dependent on the examiner’s experience and the equipment [4]. Ultrasound 

is commonly stated as being “operator dependent” in that the examination is dependent on the 

dedication and experience of the operator. A suboptimal ultrasound scan can be interpreted in many 

different ways, which makes ultrasound a less objective technique in comparison to mammograms 

[3]. 

Reflecting structures at severe angles to the beam of the ultrasound can cause excessive shadow 

artefacts and reduce image quality due to the reduction of penetration [5]. During the scanning of a 

breast lesion, angulation and compression of the transducer is a common technique to sharpen the 

edges of the lesion [6]. The degree of compression applied can vary and is often dependent on the 

location of the lesion, the pendulousness and size of the breast. 

The compression applied in combination with the patient’s positioning are key elements in the 

ultrasound of the breast and play a vital role in discovering and the visualisation of a lesion. The 

patient is scanned in a contralateral posterior oblique or a supine position and they are asked to 

place their arms behind their head [2], this thins the tissue being scanned and forces the normal 

breast tissue into a parallel plane in relation to the transducer and perpendicular to the beam. This 

improves the conspicuity of lesions and the overall image quality by allowing greater beam 

penetration, as compression can decrease refraction and scatter from neighbouring structures [7].  
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Increased pressure can be applied to lesions that are small, have fibrous tissue lying superficially and 

are situated deeply near the chest wall. Occasionally, structures that lie superficial to the lesion, e.g. 

Cooper’s ligament, can create acoustic shadows and hinder the evaluation of deeper structures. With 

the use of moderate compression this can be eliminated [7].  

However, extensive compression with the use of a transducer may not always improve image quality. 

Vigorous compression can result in the attenuation or even the elimination of vascular signals when 

using Doppler, predominantly in benign lesions [3]. Furthermore, scanning in a perpendicular plane 

to the near-field tissue in combination with heavy compression, has the ability to push side-lobe 

artefacts and near-field reverberation echoes deeper into the breast. This can interfere with the 

evaluation of superficial lesions and consequently have a detrimental effect on the diagnosis and 

patient’s pathway. In such cases, the visualisation can be improved by not applying any compression 

or with the use of angulation. This allows the beam to penetrate obliquely through the lesion, rather 

than perpendicularly [7]. 

This is supported by Carson et al, who proposes that deeper structures have reduced acoustic path 

lengths when considerable local compression is applied [5]. It is demonstrated by Fargier-Voiron et 

al, that excessive pressure, applied by the transducer, has the ability to impact visualisation and 

localisation of lesions. They further recommend, to achieve better accuracy, the transducer pressure 

should be kept as low as possible. This, in addition, will allow sufficient contact for optimum image 

quality [8].  

Furthermore, it has been proposed by Dobler et al, a probe displacement of 1-2 cm was essential in 

order to obtain good image quality. The study established that excessive compression can result in a 

shift of anatomical structures [9] consequently, making it difficult to localise lesions. This study, in 

combination with multiple other studies, demonstrated a maximum displacement of approximately 

1.7cm when excessive pressure was applied [10-12] Although, these studies were conducted on the 

displacement of prostates, the same principle can be applied to the ultrasound scanning of breasts. 

Methodology 

Phantom Design 

In order to investigate new imaging techniques, it is vital that the phantom used has the properties 

to mimic human tissue. Although, commercial ones are an easy option, they are not very easily 

adaptable to specific applications. In-house, custom made options allow an individual to tailor their 

phantom to their needs. There are several studies that promote the use of gelatine to create a 
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phantom [13]. According to Farrer et al, gelatine has properties in the same order of magnitude as 

that of soft tissue and is easy to manufacture [14]. Therefore, in order to simulate breasts, a gelatine 

phantom was made. A study conducted by Sultan et al suggested using 70g (6 sachets) of Dr Oetker’s 

gelatine and 500ml of water, which resulted in the gelatine-to-water ratio of approximately 1:7 [15]. 

However, when this ratio was used, the density was too firm and did not resemble human tissue. 

After some trial-and-error, the gelatine-to-water ratio used was 1:31, using 18g (1.5 sachets) of Dr 

Oetker’s gelatine and 570ml of water.  

The 570ml of hot water was poured into a jug and the 18g of gelatine was sprinkled into the water 

very slowly, whilst the mixture was being stirred, allowing the gelatine to dissolve completely. 

The lesions were made from, silicone spheres, two lesions, measuring approximately 1cm and 1.5cm, 

were made. In order to simulate glandular tissue, fine steel wool was used [16].  The steel wool was 

placed in a small plastic tub, which measured 15cm x 10cm x 7cm. The lesions were placed within 

the steel wool towards the opposite corners of the tub and the mixture of water and gelatine was 

poured into the plastic tub. It was essential to ensure the mixture covered the entire steel wool to 

prevent the formation of air bubbles (Figure 5).  

Figure 5 phantom construction 

 

The tub was then refrigerated until 2 hours before it was required for scanning. The total depth of 

the phantom was 4.5cm. 

Image Acquisition 

The images were acquired using a SonoSite M-Turbo Ultrasound scanner with a C60X transducer. 

The transducer was used to apply pressure to the phantom with the aid of “Aquasonic 100 

Ultrasound Gel”. Each of the lesions was scanned with 5 different compressions. The pressure 

applied varied from minimal compression (compression 1), just enough to obtain sufficient image 
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quality, to extreme compression (compression 5). The aim throughout was to maintain equal 

changes in pressure. During each compression, the screen was frozen and the image was exported 

as DICOM images. Variables, such as windowing or the field-of-view were kept constant, this was to 

ensure that the change of visualisation was only caused by the change in compression.  

Conspicuity index analysis 

Conspicuity software (ref) was used to draw a region of interest (ROI) around the abnormality ( 

Figure 6) avoiding artefacts.  

Figure 6 ROI within the conspicuity index software 

 

The programme then plotted 180 line profiles around the region drawn, which resulted in 360 edge 

profiles. 

A fit was then applied for every line profile (Figure 7). The blue line demonstrated the line profile, 

the red line represented the plotted fit and the green line demonstrated the ROI drawn by the 

operator. This programme then acquired the pixel values of the lesion and the background. It 

calculated the standard deviation for these values, which represented the lesion and anatomical 

noise. 

Figure 7 Line profile 
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Figure 8 Example single line profile across the region of interest for a lesion 

 

 

An Excel spreadsheet has been developed to import the TSV files and then to calculate the following: 

 

�̅� =  (𝑋3 –  𝑋2)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = average lesion dimension 

Equation 10 

 

�̅� = tan−1 [
𝑌2−𝑌1

𝑋2−𝑋1
] , tan−1 [

𝑌4−𝑌3

𝑋4−𝑋3
]

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 = average slope angle of all the line profiles 

Equation 11 

∆𝐺𝐿̅̅ ̅̅ ̅ = 𝑌2 −
(𝑌1 + 𝑌4)

2

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

= the average difference in grey levels between the lesion and the background 

Equation 12 
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𝜎𝑠 ̅̅ ̅ = 𝑠𝑑𝑇𝑜𝑝 

Equation 13 

𝜎𝑛̅̅ ̅ =
𝑠𝑑1 + 𝑠𝑑2

2
 

Equation 14 

This data was then used to calculate the Conspicuity Index (χ): 

𝜒 =
�̅� tan[�̅� − 1]∆𝐺𝐿̅̅ ̅̅ ̅

√𝜎𝑠
2̅̅ ̅ + 𝜎𝑛

2̅̅ ̅
 

The ROI was drawn around each lesion three times, to work out the standard deviation and measure 

reproducibility. From the three conspicuity index numbers, an average was calculated.  

After this data was collected, the original ultrasound images were used to calculate the pixels and 

mm of the top of the ultrasound image to the top of the lesion (Figure 9). This was used to work out 

the change in thickness above the lesion in mm to indicate the level of compression. 

Figure 9 measuring thickness from transducer to surface of lesion 

 

Results 

Graph 7 Effect of compression on C.I. for 1.5 cm lesion 
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Graph 8 Effect of compression on C.I. for 1 cm lesion 

 

Discussion 

Overall, the results show when compression is applied, the conspicuity index of the lesion can 

improve. The compression applied should be between minimal and moderate for optimum 

visualisation, as excessive pressure decreases the conspicuity index. Graph 7Graph 8 establishes that 

the optimum compression for the silicone lesions was at a thickness reduction of 17mm, when 

applying moderate compression, regardless of size. The conspicuity index was at its highest at 

approximately 230 for both the lesions.  
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It is important to recognise that in addition to compression, the image quality and the visualisation 

of a lesion is impacted by multiple other factors in ultrasound imaging. These elements include the 

patient’s breast size and density, the equipment used, and the amount and distribution of gel [17]. 

Conclusion 

The compression applied should vary from minimal to moderate, as excessive pressure can result in 

loss of conspicuity and hinder detectability. Consequently, this can result in false negatives and 

impact the patient’s diagnosis and pathway. However, further research is required to take other 

factors that can affect the visualisation into consideration. 

A patient study is planned to see if this preliminary work can be replicated in humans. 
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Critical Review 

1. Objective 1 – Error in breast thickness measurements 

The compressed breast thickness measurement in FFDM is used in multiple ways. Primarily it is used 

to optimise the image via the AECs, additionally it is used in the calculation of mean glandular dose 

(MGD), and more recently is used to calculate the volumetric breast density (VBD), the latter of which 

can be used for cancer risk predictions (as discussed in Section 0). Accurate and reproducible 

measures of breast thickness are essential in mammographic imaging. 

Errors in thickness measurement can arise as the paddle deforms under the compression force, and 

also some paddles are designed to tilt in an attempt to reduce patient discomfort. The thickness 

given by the machine does not take bend and distortion into account and so the given thickness may 

be inaccurate which has implications for image optimisation, dose calculation and risk stratification. 

Previous work has demonstrated that there was a difference between the thickness reported by the 

machine and the physical thickness of the compressed breast. Tyson et al (Tyson, Mawdsley et al., 

2009) used an optical stereoscopic photogrammetry device to measure the compressed breast 

thickness. They found a maximum difference between the breast thickness and the machine given 

reading was up to 15 mm. They followed this work by attempting to calibrate the machines based 

on the differences found using a variety of phantoms (Mawdsley, Tyson et al., 2009). An issue with 

the work was the use of the optical system. Although it had a high precision, with a reported 1 mm 

precision and measurement accuracy of less than 0.2 mm, the system was not a practical resource 

due to the equipment set-up. It needed highly specialised equipment, was very susceptible to room 

lighting and dependant on the image quality. 

Paper 1 The readout thickness versus the measured thickness for a range of screen film 
mammography (SFM) and full field digital mammography (FFDM) units 
The difference in thickness measurements was important to establish between machines, within the 

same machine make/model and across centres, if this error could be demonstrated in machines used 

within the NHSBSP this could have implications for both image quality and dose across the 

programme. It was therefore evident that there was a need to establish an easily adaptable system 

that could easily be used in various clinical environments to demonstrate the difference between 

measured and read-out thickness (Hauge, Hogg et al., 2012). In Paper 1 the first stage of the research 

was to develop the measurement technique, then to establish the extent of thickness measurement 

variability. 
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To develop the measurement technique a thickness measuring device (TMD) was created (Figure 4). 

Additionally, it was recognised that standard solid phantoms would potentially not demonstrate the 

issue of deformity as their structure, lack of variability and deformability does not accurately 

represent the human breast, therefore additionally a realistic breast phantom attached to a rigid 

torso was developed (Figure 5) 

 

Figure 4  Thickness Measurement Device (Hauge, Hogg et al., 2012) 

 

Figure 5 Breast phantom (Hauge, Hogg et al., 2012) 

Preliminary work was undertaken to establish that the phantom represented human breast tissue; 

this was undertaken by comparing normalised thickness vs compression force curves for 3 

prostheses to 29 human volunteers, the chosen prosthesis had a Pearson’s correlation coefficient of 

0.95 showing a very high positive correlation to the real breast data. Additionally, to ensure validity 
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of the work, the measurement device was repeatedly tested using 2 researchers to ensure 

reproducibility, reliability and consistency between users.  

Once the validity, reliability and reproducibility of the equipment was established, the main part of 

the study was undertaken. Six different makes/model of machines were assessed (both FFDM and 

SFM), with 2 models repeated, giving a total of 8 machines. Two different paddles, and two 

compression forces were used on each machine (60 N and 100 N). 

All machines had passed the required QC tests to ensure readout thickness accuracy (Perry, Broeders 

et al., 2008), the manufacturer stated accepted difference between measured thickness and readout 

thickness varied between machines as reported in Paper 1, and is between ±5 mm and ±10 mm, it is 

important to recognise that these QC tests are performed on solid phantoms. However, when using 

the deformable phantom, the largest difference was found to be 19mm, outside the manufacturers 

accepted range, indicating that QC using solid phantoms cannot reveal the extent of this issue.  

The work found that the largest difference was with flexible, tilting paddles, and this difference 

increased with increasing compression force. It was also found that there were differences between 

the same make/model, indicating that the same correction factors cannot be assumed for a single 

make and model as suggested by (Mawdsley, Tyson et al., 2009). 

1.1. Contributions of the work to the literature 

Paper 1 - The readout thickness versus the measured thickness for a range of screen film 

mammography (SFM) and full field digital mammography (FFDM) units 

1.1.1. Flexible paddles vs fixed paddles 

Paper 1 was cited by Broeders et al (Broeders, Ten Voorde et al., 2015) when looking at implications 

for the increased deviation from readout thickness in flexible vs fixed paddles. They found that 

flexible paddles offered no pain reduction as previously assumed, and, although they did find a larger 

breast area and lower radiation doe when using flexible paddles, the flexible paddles removed 

fibroglandular tissue from the image area and reduced contrast in the clinically relevant 

retroglandular area at chest wall side, therefore they recommended that fixed paddles should be 

used for both CC and MLO views. 

1.1.2. Novel Breast Phantom 

The phantom developed within Paper 1 has subsequently been used in several studies where a 

deformable breast phantom is essential rather than a solid phantom. As shown in this paper, the 
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variation between the readout thickness and measured thickness were not demonstrated during the 

quality control testing of the machine when using solid phantoms. This indicates that solid phantoms 

cannot be used to demonstrate any issue with distortion or bend of the paddle, therefore for any 

studies of this kind a deformable phantom is essential. 

These studies that used this novel phantom include (Hogg, Szczepura et al., 2013, Ma, Brettle et al., 

2014, Ma, Hogg et al., 2015, Smith, Szczepura et al., 2015) and these will be discussed in more detail 

later in Objective 3 - Optimising image receptor position for pressure balance and breast footprint 

1.1.3. Breast density calculation 

Paper 1 has been cited in the following journal articles discussing breast density calculation accuracy; 

(Alonzo-Proulx, Jong et al., 2012, Alonzo-Proulx, Mawdsley et al., 2015, Geeraert, Klausz et al., 2014, 

Wang, Kato et al., 2017). As discussed earlier the measure of the relative amount of fibro glandular 

tissue within the breast has been established as a strong independent risk factor for breast cancer 

(Chen, Gulsen et al., 2015, McCormack and dos Santos Silva, 2006, Ng and Lau, 2015, Sherratt, 

McConnell et al., 2016).  

The contribution of Paper 1 in terms of demonstrating thickness variability within and between 

machines was vital for these studies as software developed for the automatic calculation of breast 

density such as Quantra™ (Hartman, Highnam et al., 2008) and Volpara™(Highnam, Brady et al., 

2010) uses machine given thickness within the algorithm to calculate the breast density, and 

therefore the accuracy, reproducibility and reliability of this value is essential. 

Studies have repeatedly shown significant associations with breast cancer risk for both qualitative 

and quantitative breast density measures and a potential to improve cancer risk assessment models 

(Brentnall, Harkness et al., 2015, Tice, Cummings et al., 2008). In several US states it has become a 

legal requirement to inform the woman of their breast density as part of the screening process (Ray, 

Price et al., 2015) and substantial research continues to be devoted to accurate measurement of this 

key biomarker and to its incorporation into risk prediction models. 

At the onset of the increase in evidence for the relationship between calculated volumetric breast 

density and cancer risk, Kopans et al (2008) discussed that there was a potential methodological flaw 

by not taking into account exposure values, half-value layer information, and knowledge of the 

compressed thickness of the breast. They discussed that this could lead to an inaccurate calculation 

of the breast volume (Kopans, 2008) software developments therefore now include these 

parameters into the algorithms ™ (Hartman, Highnam et al., 2008, Highnam, Brady et al., 2010) 
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As the thickness measurement is taken from the machine given value with corrections based on 

Mawdsley et al (2009), there is still the issue of thickness inaccuracy between the same make and 

model, which could lead to implications for the risk stratification of the patient. If the patient is 

considered high risk, they would be included into a pathway that would include additional screening 

attendances, leading to increased radiation risk and additional unnecessary costs. If, however, the 

patient was inappropriately classified as low risk, there is a risk of poor early cancer detection due to 

reduced screening.  

It has been found that supplemental screening of women with dense breasts leads to the 

identification of more breast cancers (mostly invasive), but may also be associated with higher recall 

rates and additional biopsies (Melnikow, Fenton et al., 2016). Currently there have been no published 

studies of important longer-term clinical outcomes of supplemental screening.  

Work by Waade et al (Waade, Highnam et al., 2016) demonstrated up to 38.5% error in breast 

density calculation when using Volpara when the actual thickness of the breast tissue varies from 

the recorded breast thickness. The recorded breast tissue was artificially increased in 1 mm 

increments for a ±15% change in thickness and the Volpara Density Grade (VDG) was measured. Only 

11.5% of images were found to be within the QC accepted error indicating that thickness inaccuracies 

impacted upon the calculated VDG and this has implications for patient care pathways. 

This conflicts with a large cohort study undertaken at the Mayo clinic (Olson, Sellers et al., 2012) 

where they found a strong association mammographic density and breast cancer risk that was not 

confounded by mammogram acquisition technique. However, the methodological approaches were 

very different. For the Mayo study breast density was assessed via the visual BI-RAD categories not 

automated software, and the images were film-screen, the large variability in breast size and density 

could have masked the impact on accuracy by not directly comparing the change in compression 

with a change in density as this study has done.  

1.1.4. Mean Glandular Dose Calculation 

The impact of thickness inaccuracy has been used to look into uncertainties in mean glandular dose 

calculations for women in the Norwegian Breast Screening programme (Hauge and Olerud, 2013). 

This study looked at the variables that impacted on MGD accuracy, and although they found that 

inaccuracies in air KERMA had the largest effect, an inaccuracy of breast thickness by ±10 mm leads 

to a ± 10 % uncertainty in the MGD calculation.  



140 
 

Paper 1 was cited in this work to demonstrate the variability in breast thickness accuracy, and 

therefore the reliability of reported MGD. 

1.1.5. Limitations of the work 

A limitation of this work was the limited compression force that could be applied; higher compression 

forces than 100 N are used clinically. However, the deformable nature of the phantom meant that 

to maintain phantom integrity higher forces than this could not be used. Additionally, this work was 

not performed on real human tissue. Although work was performed to establish the similarity 

between the phantom and human tissue, the use of a single phantom cannot represent the 

variability found in real tissue. 

The measurement device was not as sensitive as Tyson et al’s optical device (Tyson, Mawdsley et al., 

2009), although the Thickness Measuring  Device was more adaptable and it was easier to perform 

the measurements, it did not have the 1 mm accuracy that (Mawdsley, Tyson et al., 2009) suggest is 

required. More recent advancements in technology may improve the measurement sensitivity and 

ease of future work, depth sensor and time of flight cameras are freely available and highly sensitive 

and have great potential for future work (Díaz, Oliver et al., 2016, Tadano, Pediredla et al., 2015). 

1.2. Papers 2 and 3 

Paper 2 - Tissue bulge during stereotactic core biopsy and Paper 3 - Breast tissue bulge and lesion 

visibility during stereotactic biopsy–A phantom study 

Inaccuracy of thickness measurements could have additional implications during FFDM guided 

biopsy. Some types of biopsy paddles have a hole within the paddle to allow needle access for the 

biopsy as shown in Figure 6 below. The hole is positioned above the lesion identified in the standard 

FFDM mammogram. 

 

Figure 6  biopsy paddle 

Biopsy access 
window 
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Discussions with clinical colleagues revealed that on occasion breast lesions seemed less visible on 

the biopsy images than the previous standard FFDM screening images. Observation of the clinical 

environment raised the question of whether the hole in the paddle could be a potential cause of the 

reduced visibility, as when compression was applied tissue would bulge through the hole. This led to 

the hypothesis that this extra tissue was not being taken into account in the measured thickness, 

meaning that the AECs could not function optimally. 

An experiment was undertaken to test this hypothesis to both measure the extent of the tissue bulge, 

and the impact on lesion visibility and dose in Paper 2 and Paper 3. (Hackney, Williams et al., 2013, 

Williams, Hackney et al., 2014). The first stage of the work was to establish the extent of the bulge, 

so an audit was undertaken where a measurement device was created to measure the tissue bulge 

above the paddle (Hackney, Williams et al., 2013) (Paper 2).  

Measurements were made in 15 consecutives clients. Results showed an average of 18.7% increase 

in tissue thickness, (range 11.3-30%) compared to the compressed breast thickness. 

Following on from this a phantom was constructed based on traditional QC phantoms, using Perspex 

and aluminium discs (Carton, Bosmans et al., 2004, Pachoud, Lepori et al., 2004).  Additional Perspex 

thicknesses were added based on the measurements made in Paper 2 (Hackney, Williams et al., 

2013). Images were acquired using the AECs with combinations of breast/bulge thickness. 

Relative visual grading was used with 14 observers, the machine given organ dose was also recorded. 

A novel “visibility score” was developed, as well as a novel “optimisation score” which based on the 

figure of merit methodology (Borg, Badr et al., 2012) but applying it to a visual grading scenario.  

It was found that the visibility score decreased with increasing bulge thickness, and the optimisation 

index decreased. This showed that as the breast bulge increases the dose increases and the image 

quality decreases. This is due to the fact that the measured thickness is used to set the target/filter 

combination along with the kV, which would not be optimised for the actual breast tissue. Therefore, 

for the detectors to receive the required amount of photons to create the image, the mAs would 

have been increased with increasing tissue bulge to compensate, increasing the dose. However, as 

the kVp was not optimised, the image quality was reduced. This could impact on the accuracy of the 

biopsy. Dillon et al (2005) found that mammography guided biopsy produced more false negatives 

than ultrasound or clinical (palpated) guided biopsy (13%, 1.7%, and 8.9% respectively). Although 

they did not link this to lesion visibility during the biopsy, it was found that in a majority of the false 
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negatives suspicious lesions had been found on the previous standard FFDM images, implying that 

the correct area had not been biopsied. 

1.2.1. Contribution of the work to the literature and clinical practice 

The optimisation score has been used in later publications to discuss observer image quality 

optimisation assessment (Hogg and Lança, 2015, Reis, Ndlovu et al., 2015) but apart from this, the 

work has had limited citations. However, the results from this work have had direct clinical impact, 

because  instead of allowing the AECs to manage the imaging parameters, the practitioners are now 

selecting the appropriate parameters based on the visual assessment of the actual breast thickness 

(private correspondence Appendix II) 

1.2.2. Limitations of the work 

There were limitations to paper 3 as it used a phantom rather than clinical images, however the 

benefit of using the phantom was having a controlled, known input, as well as not incurring any 

patient radiation risks from repeated imaging. 

1.2.3. Objective 1 - conclusion 

Overall papers 1-3 demonstrate that there is a difference between the thickness read by the machine 

and the actual thickness of the tissue. In the first instance this will have an impact on optimisation 

as the incorrect exposure factors will be set, impact on dose calculations, as well as having an impact 

on more recent developments such as breast density calculations, which potentially affects patient 

pathways, incurring additional patient concern and screening costs. 

2. Objective 2 - Practitioner variability in applied compression force 

Paper 4 - Practitioner compression force variation in mammography: A 6-year study and Paper 5 - 
A 6-year study of mammographic compression force: Practitioner variability within and between 
screening sites 
Previous work by Mercer et al (2013) ((Mercer, Hogg et al., 2013b) identified three groups of 

practitioners compression force behaviours: those who used low, intermediate and high 

compression across the BI-RADS density grades, they found a wide variation in compression for any 

given breast volume, with trends of higher compression demonstrated for increasing breast volumes.  

This paper was the first to explore practitioners’ application of compression force during FFDM, and 

further studies were conducted to assess this over time, considering sequential client screening 

attendances (Papers 4 and 5). Paper 4  (Mercer, Hogg et al., 2013c) was the first single centre 

longitudinal study where three sequential screening visits were assessed for 344 clients. Exclusion 
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criteria were applied so that there was a consistency of the client between visits. This would imply 

that the applied compression force would be similar for the three visits if a consistent and 

standardised approach was being taken. 

Paper 4 correlated with the findings of the Paper 3, that practitioners fell into three groups; those 

who used low, intermediate and high compression. When looking across individual clients, those that 

coincidently had the same practitioner would have a similar compression force applied across the 

three visits but there was a significant difference in compression force for those who had different 

practitioners for each visit, up to a difference of 14 daN (CC view). 

Paper 4 implied that the applied force was dependant on the practitioner, rather than the client. A 

limitation of the work was that it was undertaken in a single centre. Even so, variability of practice 

was found within this single centre; therefore, a multicentre project was undertaken to determine 

whether this variability existed in other clinical centres or if it was an issue due to local training, 

equipment and protocols.   

Paper 5 followed the same methodology as Paper 4, but was undertaken in three centres. This was 

the first multi-centre study to consider compression force behaviour. Similar “low, medium and high” 

categories were found in two of the three centres. However, in one of the centres there was more 

consistency between practitioners and it  was discussed that this was due to the local clinical protocol 

that mandated a minimum compression of 100N. 

There is variability across the UK with some sites mandating a minimum compression force of 100N. 

However, this is not consistent across sites, and variability in approach can mean a lack of consistency 

in client experience, image quality and radiation dose between sites and within the practitioner 

variability demonstrated above. Furthermore, this variance can also occur within sites. 

One complexity in data gathering for both the papers was the need to analyse the data for both 

sequential visits for the clients and the practitioner behaviour, as well and compression force and 

thickness. In Paper 4 the use of an Excel spreadsheet led to complexities in data analysis that would 

have been impossible to manage for the multicentre trial. Therefore, a novel Access database was 

developed. The benefit of Access compared to Excel is that it is a true multivariate database (whereas 

Excel is two-dimensional worksheet based) that can be interrogated via Queries for multiple criteria. 

However, Access does not enable a high level of data analysis, and so the Access database was 

designed to enable reports to be easily exported to Excel for analysis, based on user-selected criteria 

(practitioner, client, force, thickness etc). 
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One database was sent to each centre included in the trial, two of the three centres used the 

database easily and successfully, data integrity was ensured by using password protected access 

levels. One centre struggled with using the database, this was unresolvable due to the protection at 

the centre not allowing macros to be run on the hospital computers (a common protection method 

to reduce risk from computer viruses) therefore the data had to be inputted off site. This needs to 

be taken into account if further use of complex Databases are required for acquiring data in hospitals. 

 

2.1. Contribution of the work to the literature 

2.1.1. Compression force behaviours 

Papers 4 and 5 demonstrated a variability in the way practitioners were applying compression force 

and highlighted the absence of a national recommended standard or protocol in what is a national 

screening procedure. However it did not explain the reason for the variability.  

To try and understand the reasons for this variability, a qualitative research project was undertaken 

by qualitative researchers within the same research group, based on the findings from Papers 4 and 

5 a grant was secured to undertake a qualitative study to explore the reasons for this variability.  

Murphy et al (2015) cited papers 4 & 5 as part of the development of their research question to 

understand the reasons behind the varying compression force behaviours amongst practitioners. 

They undertook a study across six different NHSBSP screening centres across the UK, where focus 

group interviews were employed, including 41 practitioners. A phenomenological approach was 

taken, which concentrates on the study of consciousness and the objects of direct experience. The 

findings of this study correlated with the variability demonstrated quantitatively in papers 4 & 5, 

where the results demonstrated a wide variation in the application of compression force. They found 

that compression force was applied in many different ways due to individual practitioner experiences 

and behaviour based on the clinical experiences developed throughout training and subsequently as 

practitioners. 

It is discussed in this paper that the culture and the practice of the units themselves influenced beliefs 

and attitudes of practitioners in compression force application, this agrees with the findings in paper 

5 and can explain the differences between the 3 centres, where higher compression values were 

applied across all clients/practitioners for one of the centres. 
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The strongest recommendation to emerge from this study was the need for peer observation to 

enable practitioners to observe and compare their own compression force practice to that of their 

colleagues.  

A follow-on study was conducted (Nightingale, Murphy et al., 2015) that utilised the same data set 

from Murphy et al (2015). However a different qualitative methodology was taken where thematic 

analysis was performed to extract data related to the practitioners’ mammography compression 

problem-solving strategies. The work developed a series of categories, themes and sub-themes. 

Emerging themes were then peer-validated by two other researchers and developed into a model of 

practice. 

They developed a model that included seven stages which contributed to the practitioners’ 

application of compression force (first impressions; explanations and consent; handling the breast 

and positioning; applying compression force; final adjustments; feedback). They demonstrated that 

compression force is not a single stage decision, but in their model, it is considered a seven-stage 

continuum, where multiple inputs and feedback is used in the decision-making process.  

These papers demonstrate the complexity of applying compression, that there are influences from 

practitioners’ own experience, as well as cultural/centre influences that may establish a “baseline” 

of compression behaviour. However, the actual applied compression force is not decided upon prior 

to the imaging, and client verbal and non-verbal feedback, as well as visual and tactile feedback 

during the actual compression leads to variability during the actual event. 

 

2.1.2. Standardisation of pressure rather than force 

Papers 4 & 5 have been cited in papers that discuss the development of a new paddle design that 

attempts to standardise pressure rather than force. The pressure based paddle uses the applied 

force, and detects the breast area, to indicate pressure rather than force to the practitioner (de 

Groot, Broeders et al., 2013). This paddle uses a light indicator to inform the practitioner when a pre-

selected pressure has been achieved; the pre-selected pressure is set at 10 kPa, which is assumed to 

be the best value based on venous and diastolic blood pressure. However, to date there is no 

empirical evidence to justify 10 kPa in terms of image quality and dose. There is evidence that using 

10 kPa does not affect the visibility, contrast or sharpness of stable lesions (de Groot, Hopman et al., 

2017) however there has been no assessment of lesion visibility at other pressures, however the 

system allows for the adjustment of pressure if required. 
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de Groot et al discuss that in the Dutch hospital where the study was conducted, there is a standard 

force of 14 daN used for all FFDM. This means that clients with smaller breasts would receive greater 

pressure that those with larger breasts due to the difference in area in contact with the paddle. 

Women with smaller breasts have been found to experience the most pain during compression (de 

Groot, Broeders et al., 2013) and a pressure of 10 kPa was suggested to standardise and reduce client 

pain. 

Papers 4 & 5 were cited by these articles to demonstrate that, although the local protocol in the 

Dutch hospital where the study was carried out uses a standard force, this is not the same for all 

mammography screening programmes. The work in Papers 4 & 5 demonstrated a variability that was 

not client based, they were therefore suggesting that the paddle could be used to improve 

standardisation across clients by taking into account the breast area. 

It is important to recognise however, that although this new technology may standardise pressure, 

positioning will still impact on the effectiveness of this compression, as will be discussed in the 

following section. 

2.1.3. Limitations of the work 

For both of these papers one shortcoming of the work is that it was performed on analogue images, 

this was due to the retrospective analysis over 6 years, which was before FFDM was implemented 

for screening. However, studies have shown that there is very little change in applied compression 

force when changing from film-screen to FFDM (Hendrick, Pisano et al., 2010), and so the findings 

from this study can be assumed to transfer. 

Similar, more recent studies that have used digital rather than analogue images have been able to 

include larger cohort sizes. This is due to being able to use data mining tools to extract data (Waade, 

Moshina et al., 2017) which reduces the labour intensive process with analogue images. 

3. Objective 3 - Optimising image receptor position for pressure balance and breast footprint 

Paper 6 - A method to measure paddle and detector pressures and footprints in mammography 

and Paper 7 - Does elevating image receptor increase breast receptor footprint and improve 

pressure balance? 

As well as applied compression force, positioning is equally important for optimisation of the imaging 

process. For CC views little has been written about how to maximise the volume of breast tissue 

imaged (i.e. the area of the breast upon the image receptor (IR)) or how to optimise the relative 
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pressures exerted on the breast from the paddle and IR. There is also no consensus within the 

literature regarding how the image receptor should be positioned relative to the inframammary fold 

(IMF) (Kopans, 2007) (Lee, Stickland et al., 2003) and no information on the effect this may have on 

image quality and breast area on the image receptor.   

During discussion between members of the research team and clinical colleagues, it became 

apparent that this lack of evidence base was causing a lack of consistency in the position of the image 

receptor relative to the IMF, and that this was potentially impacting on the image quality and the 

ability to compress the breast sufficiently. Two studies were undertaken to establish impact of 

varying the height of the image receptor in relation to the IMF and the breast area on the image 

receptor (“footprint”) and the pressure exerted from the IR and the paddle when varying position of 

the IR in relation to the IMF and changing compression force.  

The first study, Paper 6 (Hogg, Szczepura et al., 2013)) used a pressure matt and the deformable 

phantom developed in previous work (Hauge, Hogg et al., 2012). Combinations of compression force 

(60 N, 80 N & 100 N), IR distance from the IMF (-2 cm, -1 cm, 0, +1 cm and +2 cm) and 3 paddles (2 

flexible, 1 non-flexible) were assessed. In total this gave 60 data combinations. Area of breast on the 

IR and the paddle was calculated based on the pixel size of the pressure mat, along with average 

pressure.  

Within this work a novel Uniformity Index (U.I.) was derived; this considered the distribution of 

average pressure per unit area applied by the IR and by the paddle. The U.I. value has the following 

implications. If U.I. = 0, there is equal pressure per unit area from the IR and the paddle (equal 

distribution). If 0<U.I.<1, there is greater pressure per unit area from the paddle,  -1<U.I.<0, there is 

greater pressure per unit area from the IR. It was found that the largest footprint was obtained at +2 

cm, and the best U.I was found at +1 cm for the CC view. 

As this was a phantom study, there were limitations to the work, such as a lack of representation of 

the variability of human breast tissue, and the true representation of the tissue behaviour. However, 

this work was a methodological piece of work, where a novel method and analysis technique was 

used to access IR positioning and the impact on pressure and footprints to provide a proof of concept. 

A follow -on study was conducted in 16 human participants to confirm the phenomena observed in 

the phantom study (Smith, Szczepura et al., 2015)). Using the findings from paper 6 two IR positions 

were selected (0 cm and + 2cm from IMF). 16 participants underwent 4 CC views at 80 N, giving 64 
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datasets in total. No imaging was conducted, and the same equipment was used as in the previous 

study (Hogg, Szczepura et al., 2013) 

The human study agreed with the phantom study that by placing the image receptor at 2cm above 

the IMF, the breast area was increased, and the balance between the pressure exerted above and 

below the breast was improved. 

3.1. Contribution of the work to the literature 

Paper 6 - A method to measure paddle and detector pressures and footprints in mammography 

and Paper 7 - Does elevating image receptor increase breast receptor footprint and improve 

pressure balance? 

3.1.1. Implications of positioning for dose assessment 

The papers have been cited in follow- on work that looked at compression forces used in the 

Norwegian Breast Cancer Screening programme, and a follow- on paper that considered the 

implication of this on radiation dose (Waade, Moshina et al., 2017). They found a large variation in 

applied compression forces, with 40% below the recommended range in the Norwegian BSP (Waade, 

Moshina et al., 2017). They also found that there was a positive correlation (R2=0.8) between dose 

and compression force, however this is contradictory to common perception that the use of 

compression decreases radiation dose (Markey, 2014), as a positive correlation would imply that an 

increase in compression force increases radiation dose. It was discussed that as a large data set was 

used (17,951 clients) there could be a variety of reasons for this finding. Varying equipment was cited 

as a confounding variable, which agrees with Hauge et al where variability in air KERMA led to the 

largest uncertainty in MGD (Hauge and Olerud, 2013), however it was also considered that technique 

and positioning as discussed in this work (Hogg, Szczepura et al., 2013, Smith, Szczepura et al., 2015), 

leads to a variability in the applied compression force. 

3.1.2. Force balancing in mammography 

Branderhorst et al (2016) have looked into the balance of compression force, they refer to Papers 6 

& 7 to demonstrate the issue of poor positioning of the IR and how this leads to imbalance of force, 

causing the breast tissue to be pushed up or down relative to the body during compression, which 

could lead to discomfort for the client due to stretching of the skin and other tissues. Many studies 

(Eklund, 1991, Engelman, Cizik et al., 2006, Keefe, Hauck et al., 1994, Sharp, Michielutte et al., 2003) 

have found that skin stretching was reported by clients as causing pain during FFDM.  Rather than 

using a pressure mat Branderhorst et al (2016) measured the force exerted by the image receptor 
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onto a silicone phantom by placing weighing scales on the image receptor and applying compression 

force. They demonstrated that if the IR is set too low, this can cause an imbalance of the forces within 

the breast tissue, they suggested moving the IR during compression to compensate for this 

imbalance. 

Dustler et al., 2012 used a force sensing resistor to observe pressure distributions of breast tissue in 

103 women undergoing FFDM. They placed the pressure mat under the breast to observe the pattern 

of pressure exerted on the breast. They made composite images of the mammograms and the 

pressure mat images to see if there was greater pressure on denser areas of the breast. They found 

regions of high compression force in the juxtathoracic region, extending into the armpit, 42% of 

participants were found to have little pressure exerted onto the actual breast tissue, and that only 

37% of participants had the pressure distributed mainly across the breast tissue. This indicates the 

importance on positioning when applying compression force in FFDM, as if the force is being applied 

to the juxtathoracic region this could potentially cause pain without reducing breast thickness. Popli 

et al (2014) (Popli, Teotia et al., 2014) found that positioning is the most important factor affecting 

the resultant mammography image, with optimal positioning maximising the amount of breast tissue 

seen on image. (O'Leary and Al Maskari, 2013) also found that women experience greater pain in the 

MLO view, citing the axilla and sternum as the greatest areas of discomfort.  

Therefore, appropriate positioning needs to be taken into account when considering the appropriate 

compression force to apply, as poor positioning leads to less pressure being exerted on the breast, 

poor image quality and increased pain. 

3.2. Limitations of the work 

It was found in this work that there was a statistically significant difference between the left and 

right breast, this could be explained by physical variation within the patient, but the method led to 

one practitioner consistently performing the compression on the right breast, with another 

performing the left breast. Practitioner variability exists when applying compression force (Mercer, 

Hogg et al., 2013c, Mercer, Szczepura et al., 2015), so this could explain the observed difference. This 

was obviously an error in the methodology that was overlooked. The data collection was undertaken 

by two clinical colleagues because the data needed to be acquired with the appropriate clinical 

techniques and knowledge. Also, due to the sensitive nature of the clinical environment it was not 

appropriate for a large research team to be involved in the data acquisition. This may have impacted 

on the approach that was taken, led to the lack of internal validity within the work and so impacted 

on the results. This did, however, highlight the issue of the variability in applied compression force, 
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even though the practitioners were collecting data at the same time and observing each other’s 

practice as was found in the previous work (Mercer, Hogg et al., 2013b, Mercer, Hogg et al., 2013c, 

Mercer, Szczepura et al., 2015). 

4. Blurred digital mammography images 

During the data collection for Papers 1, 4 and 5 it was found that once the compression had been 

applied there was a brief period of time where the machine demonstrated a drop in compression 

force values (Hauge, Hogg et al., 2012, Hogg, Szczepura et al., 2013), these findings were reported 

as a letter to the editor of Radiography journal (Hogg, Szczepura et al., 2012). This observation was 

compensated for by allowing a “settling period” until the compression force stabilised at 80 N. 

However, this work has been taken forward to look at the impact of this change on FFDM. 

A study was conducted to look at the extent of paddle motion across multiple FFDM machines (Ma, 

Brettle et al., 2014), four mammography machines were evaluated, with 2 flexible and 2 fixed 

paddles for each machine, giving 16 datasets. Paddle movement assessed using two linear 

potentiometers placed on the paddle corners closest to the chest wall. The deformable breast 

phantom developed in Paper 1 was used to simulate breast tissue. For each paddle, the movement 

in millimetres was recorded every 0.5 s and change in compression force (N) was recorded every 1 

s, continuous data was recorded for 40 s with the phantom in an initially compressed state at 80 N. 

Additionally clinical audit data was collected for 28 females on one mammography machine. They 

found that movement followed a bi-exponential curve, with motion occurring for approximately 40 

seconds after compression had been applied, with the greatest movement occurring in the first 10 

seconds. They also found a linear relationship between paddle movement and change in 

compression force.  

The bi-exponential behaviour agrees with  Zyganitidis et al (2007) where they were using the “spring” 

like behaviour of soft tissue to simulate phantoms, this methodology has since used in numerous 

work for breast tissue simulations for breast phantom generation (Bakic, Zhang et al., 2011, Bhatti 

and Sridhar-Keralapura, 2012, Bliznakova, Bliznakov et al., 2012, Bliznakova, Suryanarayanan et al., 

2010, Hsu, Palmeri et al., 2013, Malliori, Bliznakova et al., 2014, Sechopoulos, Bliznakova et al., 2012) 

.  However, this approach has not previously been applied in physical phantoms and demonstrates 

the application of this theory to temporal changes in breast thickness and compression force over 

short time frames. 
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This study was followed by another study (Ma, McEntee et al., 2016) where 12 mammography 

machines from three manufacturers with 22 flexible and 20 fixed paddles were evaluated, the 

findings correlated with the previous work in that the greatest movement occurred during the first 

10 seconds after maximum compression had been applied (de Groot, Broeders et al., 2015) suggests 

that this is the “clamping” phase, used for immobilisation, which occurs after the “deformation” 

where tissue is reduced for image quality and dose optimisation.  

Although the motion identified in both these studies (Ma, Brettle et al., 2014) (Ma, McEntee et al., 

2016) was small (less than 1 mm) it was not established whether this could be perceived and whether 

practitioners could detect sub-millimetre motion. Work following this by Ma et al (Ma, Hogg et al., 

2015) imaged ball bearings inserted onto the surface of a deformable phantom. 10 images were 

acquired with a 26 second time interval using a single unit, with fixed and flexible 24 x 30 cm paddles. 

The extent of blur was measured by assessing the change in ball bearing diameter. They found that 

there was a significant change in diameter with time, with 60% of motion occurring within the first 

10 seconds, the greatest level of blur was found to be within the nipple region.  

To establish what impact this motion had on perception, a further study was conducted using 

simulated image blurring, where steps from 0.1-1.5 mm of simulated motion was mathematical 

applied using 3 types of image masks. They used 2 observers and 25 images with 15 levels of blur, 

giving 1200 in total. The presence of blurring was assessed using the NHS BSP guidance through 

determining whether breast anatomical structures had distinct/sharp edges. They found that for the 

simulation that most accurately represents physical motion (termed “soft-edge” in the paper), that 

there was a 4% probability of detecting 0.1 mm blur, increasing to over 100% detection at greater 

than 0.7 mm. Although these were simulated images, it did indicate that sub-millimetre blurring can 

be perceived by practitioners. 

This work indicates that the motion that occurs during the first stages after the clamping stages could 

incur detectable levels of blur within the resulting images. As has been found in this work, the 

greatest movement is consistently within the first few seconds after cessation of compression, 

therefore to reduce movement unsharpness due to paddle motion, imaging should not occur during 

this time. 

Recent work by Abdullah et al (2017) has shown that mathematically simulated motion can be 

detected for simulated blur as small as 0.7mm. They found a statistically significant difference in 

lesion detection using a weighted jackknife alternative free response receiver operating 

characteristic analysis. A suggested solution to this has been proposed by Ma et al (2017) using a 
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closed loop system. However, is must be noted that both these papers are based on simulation and 

no clinical data has been acquired to date. 

 

It is important to point out that the closed loop system suggested by Ma et al (2017) will not resolve 

movement unsharpness entirely. Voluntary and involuntary patient motion during imaging could still 

occur, and has been found to be the biggest artefact in FFDM (Choi, Kim et al., 2014). However, the 

immobilisation from the clamping stage, short exposure times, and clear patient instruction should 

reduce this (Bontrager and Lampignano, 2014), and is an issue in all medical imaging. 

5. Objective 4 - Establish extent of breast thickness reduction with applied compression force 

Paper 8 Pressure and breast thickness in mammography-an exploratory calibration study 
 
On reviewing the literature, it is clear that there was little evidence for the optimised compression 

force to use in FFDM, and little exists in terms of explaining tissue behaviour under compression.  

Poulos et al (Poulos, McLean et al., 2003) undertook a study where a standard image was acquired 

at the optimal compression force as determined by the practitioner. An additional CC image was 

acquired using a decreased compression force of between 10 – 30 Newtons. They found that the 

decreased compression force did not reduce the breast thickness in 24% of clients. They concluded 

if reducing compression force did not reduce thickness then potentially increased compression force 

is not appropriate, especially when taking into consideration patient comfort.  

A follow up study demonstrated in 26 clients that the point at which the breast became taut varied 

between clients, which leads to variability in the application of compression force (Poulos and 

McLean, 2004). They also found that 74% of clients did not receive sufficient compression force for 

the acquired image, however no images were needed to be repeated within this study. The pressure 

mat study discussed previously (Dustler, Andersson et al., 2012), also found that a decrease in 

compression force from maximum applied force did not reduce the breast thickness significantly, 

which leaves the question: how much compression force is needed to minimise breast thickness? 

To answer this question a study was designed using a convenience sampling method where 250 

sequential symptomatic clients were invited to participate within the study, and 235 agreed. 

Machine thickness was measured for increasing values of applied compression force, increasing in 5 

daN increments from 5 daN until the practitioner considered appropriate compression for imaging 

had been applied. The work found that increasing compression force caused a decrease in thickness 
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that followed a polynomial trend. It was suggested that 13 daN was the optimised compression force 

for the equipment that was used in the experiment (Hologic Selenia FFDM). 

The work suggested that there were zones of compression force, where initially large thickness 

reduction was achieved, whereas at higher compression force the thickness reduction plateaued 

indicating no reduction in thickness with increasing compression force. This agreed with the initial 

work undertaken by Poulos et al (2003).  

It was suggested that these zones could be used to indicate to practitioners when compression force 

was no longer going to optimise the imaging process, and potentially lead to increased patient 

discomfort. 

5.1. Limitations and shortcomings within the work 

Paper 8 - Pressure and breast thickness in mammography-an exploratory calibration study 

This work was criticised for the terminology used within the work, a letter to the editor (Grimbergen 

and den Heeten, 2013) discussed the inaccurate terms used, on reply it was recognised that clinical 

colloquialisms had been used, instead of the appropriate scientific terms, which highlighted a 

disparity between clinical practice and the correct scientific expressions (Hogg, Taylor et al., 2013). 

However, there was a positive outcome of this initial interaction where due to the strong links 

between the projects, we entered into a confidentiality clause with them to share early research 

data. 

Following from this correspondence, it was highlighted that the approach taken by Grimbergen, de 

Heeten et al was a far more appropriate for standardising the use of compression in FFDM. Rather 

than using equipment that was currently used, they had developed a new paddle which detected 

the area and the compression force, and combined this information to calculate pressure. 

(Branderhorst, de Groot et al., 2015, de Groot, Branderhorst et al., 2015, de Groot, Broeders et al., 

2013, de Groot, Broeders et al., 2014, de Groot, Broeders et al., 2015). Although this technology aims 

to standardise the applied compression, it can only achieve this if the positioning is accurate as found 

in (Dustler, Andersson et al., 2012). 

This work did however demonstrate that increased compression does not necessarily decrease 

breast thickness at higher forces. This agrees with the findings of (Holland, Sechopoulos et al., 2016, 

Mercer, Hogg et al., 2013a, Saunders and Samei, 2008) that high levels of compression do not 

improve image quality, and that moderate compression should be applied to improve lesion 

detection (Holland, Sechopoulos et al., 2016). 
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Developments emerging from these publications 

6. Compression force and lesion detection  

 Paper 9 Validated novel software to measure the conspicuity index of lesions in DICOM images 

& Paper 10 Effects of Increased Compression with an Ultrasound Transducer on the Conspicuity of 
Breast Lesions in a Phantom 
 

Recent work has focussed on developing a novel software that aims to measure lesion visibility; this 

has been termed Conspicuity Index (CI). CI can be used for focal lesions in any DICOM image, and 

therefore can easily be applied to mammography imaging. The intention is for further work to be 

undertaken that quantifies the impact of compression force on the CI of focal lesions. CI shows early 

promise of being able to inform the relationship between compression force (or pressure) and lesion 

detection.  

As well as affecting patient dose and patient comfort, compression force is applied to improve lesion 

detection. The rationale for this is discussed in the introduction. 

However, there is no supporting evidence or guidance for the appropriate compression force to use 

in terms of lesion visibility. Consequently, little is known about the relationship between the amount 

of breast compression and its effect on breast cancer detectability. 

A recent study by (Holland, Sechopoulos et al., 2017) demonstrated that too much compression can 

decrease sensitivity, whilst too little reduces specificity. They used Volpara software to calculate the 

breast area and used this to calculate the applied pressure in 132,776 examinations of 57,179 

women. They then separated the patients into 5 groups based on the quintiles of applied pressure 

across the group.  They compared the calculated applied pressure to many variables, but most 

importantly to the 12-month sensitivity (based on the interval cancers found within 12 months of 

screening) and the specificity.  They found that the sensitivity decreased with increasing applied 

pressure, where applying a higher than needed compression actually had a stronger negative effect 

on lesion visibility than applying insufficient compression. Although this finding was unexpected, 

previous reports have demonstrated a reduced  lesion visibility with “spot-film” imaging, which is 

traditionally performed at a higher compression force (Brenner, 2001).  More expected was the 

finding that the specificity reduced with too little compression. Clearly there is a need to investigate 

the relationship between compression and detectability and for appropriate compression to be 

applied to each individual patient. 
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This work used the 12-month sensitivity to define the lesion detectability. However, lesion detection 

is complex, and the reason a lesion was missed may additionally be due to observer decision making, 

rather than just the impact of decreased lesion visibility due to over compression. 

6.1. Quantifying lesion detectability. 

One determinant of lesion visibility is to measure its conspicuity. Conspicuity first used in 1974 by 

Revesz et al(Revesz, Kundel et al., 1974), and defined as the lesion contrast divided by the 

surrounding complexity, where the lesion contrast is the density change across the lesion border, 

and the surround complexity is the rate of fluctuation of the density around the lesion border. This 

led to a definition of structural, or anatomical, noise that considers the surrounding structures and 

artefacts. However, it was recognised within this seminal piece of work that this is a simple equation 

and does not take into account other psychophysical metrics that could affect the conspicuity or 

‘salience’ of a lesion. 

A mammogram is not a simple shadow of the internal breast anatomy, it is a complex summation of 

a polyenergetic beam of X-rays that have interacted in a 3D object within multiple layers. Therefore, 

as it is a summation of several layers, subtle lesions may be obscured by overlying anatomical 

structures (Coche, Ghaye et al., 2011).  

One common way of predicting lesion detectability is to calculate signal to noise or contrast to noise 

ratios. However, when measuring these ratios, usually the noise is measured from a background that 

doesn’t include complex surrounding structures, therefore these overlying structural complexities 

that affect the detectability of a lesion are not recognised with these standard measures.  

Noise is defined as unwanted information on the image (Samei, 2003), and there are two types that 

need to be taken into account when considering the conspicuity of the lesion: the structural noise 

and the radiographic noise. Structural noise is task dependant. However radiographic noise is not 

dependent on the subject being imaged, but is stochastic in nature and  dependent on many factors, 

such as the exposure factors used and the capability of the detector(Samei, 2003). Radiographic 

noise is measured using SNR, and provides information about the system capability, but does not 

give the full information about the noise within a clinical image. 

The size of a focal lesion is an important factor in determining its conspicuity. Many studies have 

found that lesions smaller than 1cm are often missed when viewing 2D images (Plöckinger, 2012), 

and 3mm is deemed the threshold size limit for detecting a lesion (Coche, Ghaye et al., 2011). In 

mammography Birdwell et al (Birdwell, Ikeda et al., 2001) found that 81% of missed lesions in their 
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study were less than 20mm even when retrospectively assessed, and Michealson et al (Michaelson, 

Satija et al., 2003) found that the median size of lesions detectable by digital mammographic 

screening was 7.5mm, with only 40% of lesions being seen at 5mm. It is recognised, however, that 

even the smallest image feature can be detected if its contrast against the background is high 

enough, for example breast calcifications, and this principle is used to good effect in the 

contrast/detail test objects in quality assurance programmes (Brettle, Berry et al., 2007).  

Contrast is an essential measure of the diagnostic capability of a system. CNR and SNR are standard 

measures used to represent this, in clinical assessment of images as well as in quality control. They 

are both size independent if they are used in isolation as quantitative measures of image quality. 

They represent the difference in signal amplitude between  the lesion or test feature and the 

background (Bushberg, Seibert et al., 2012, Bushong, 2008).  

The sharpness refers to the ability of the system to represent distinct anatomical features within the 

object being imaged (Samei, 2003), therefore the sharpness of the border of a lesion impacts on its 

visibility. There are mathematical techniques to measure the sharpness of a system. Point and line 

spread functions and their Fourier transform, the modulation transfer function (MTF) all measure 

the resolving capability (Samei, 2003) or spatial resolution of a system, and take into account issues 

such as focal spot size, the polyenergetic beam, and any magnification that can cause blurring of 

edges. Blurring can also occur due to voluntary or involuntary patient motion. Blurring causes 

reduced visibility of details, image un-sharpness and reduced spatial resolution. The 3 mm minimum 

size of lesion visible,  discussed above is only applicable if the edges of the structure are parallel to 

the X-ray beam, if the margins are bevelled (either due to blur, or anatomical causes) then this 

influences the visible threshold size (Coche, Ghaye et al., 2011). Edge sharpness has a powerful 

influence on the probability that an image feature will be detected. This is because loss of spatial 

resolution reduces the effectiveness of the Mach band phenomenon in the visual system which so 

enhances narrow gradients between adjacent regions of different grey-level (Burgess, 2010).   

In summary, the factors reported to affect the conspicuity of a lesion have been found to be the 

structural noise within and surrounding a lesion, the size of the lesion, the contrast and the sharpness 

of the edges. 

Paper 9 (Szczepura and Manning, 2016) describes the development of a novel software that can be 

used to calculate  the conspicuity of focal lesions from measurements of their image features and 

background. The software is used in conjunction with an Excel spreadsheet to calculate the 
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Conspicuity Index (C.I.), the development of the software and the algorithm to calculate C.I. can be 

found in Paper 9. 

In Paper 10 (Szczepura, Faqir et al., 2017), this novel software was utilised to demonstrate the impact 

of increased compression of an ultrasound probe of lesion visibility within a breast phantom. The 

study showed that as compression increased the C.I. increased, peaking at 17mm of tissue reduction, 

after this point the C.I decreased implying that over compression with a transducer decreases lesion 

visibility in ultrasound. 

This finding could be translated into mammography, agreeing with the findings of increased 

compression reducing sensitivity (Holland, Sechopoulos et al., 2017), and a decrease in lesion 

visibility with spot film imaging (Brenner, 2001). It is as yet, unclear why lesion conspicuity decreases 

with compression but for certain lesions under high compression it might be caused by a loss of 

contrast because of their composition. It could be that more compressible lesions may become less 

conspicuous with high compression because the cancer tissue may itself spread out and lose contrast 

with the surrounding tissues. Additionally the vascularisation of lesions needs to be taken into 

account, since invasive cancers are often highly vascularised, high levels of compression may lead to 

a reduction in blood flow (Busch, Choe et al., 2014, Carp, Kauffman et al., 2006, Carp, Selb et al., 

2008) which would lead to a decrease in image contrast. 

6.2. Limitations of the work  

The clear limitations of Paper 10 were the fact that it was performed in a phantom, with limited 

variables. Further work needs to be conducted in order to consider other factors, such as transducer 

frequency, density of the breast and lesion location, for a better understanding of the effect of 

compression on the visualisation of breast lesions in ultrasound. Additionally this may impact on new 

technology such as Automatic Breast Ultrasound (ABUS), where only enough compression stabilise 

the breast is recommended (Berg and Mendelson, 2014, Carp, Kauffman et al., 2006, Shin, Kim et al., 

2015), due to the operator dependency of both hand held and automatic breast ultrasound, advice 

on the compression to apply could be important for improved lesion visibility. 

Although the software described in Paper 9 has been demonstrated to be reliable and reproducible, 

it has yet to be validated in terms of human perception. Kundel et al (Kundel, Nodine et al., 1978) 

defined three lesion detection error classifications: search or scanning errors, recognition errors, and 

decision making errors. Scanning errors are due to the failure of the observer to fixate on the lesion, 

recognition errors are when the lesion is fixated on yet failing to detect it as a lesion, and decision 
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making errors are incorrect interpretation of the observed lesion(Kundel, Nodine et al., 1978). By far 

the largest proportion of errors have found to be in decision making (Kundel, Nodine et al., 1978) 

but it is clear that detection is the first requirement in the process and this is strongly influenced 

(even dependent on) the salience of the feature. Other perceptual errors come from satisfaction of 

search (SOS) error, where the observers’ attention is diverted from the lesion by a more conspicuous 

finding (Berbaum, Brandser et al., 2001, Berbaum, Dorfman et al., 2000, Berbaum, Franken et al., 

2000). It is also accepted that the algorithm can only apply to discrete focal lesions and image 

features. It can make no contribution to estimating the perceptual salience of diffuse patterns in 

medical images, such as calcifications in mammograms. 

Attempting to correlate objective measures with human observer studies has not always proved 

successful, Manning et al (Manning, Ethell et al., 2004) found poor correlation between the measure 

of conspicuity index and missed lesions in chest radiography and indicated that decision errors were 

more common than those of detection. However, their approach to calculating conspicuity was 

limited, as only four profiles and also the lack of correlation involved other types of observer error 

as originally noted by Kundel et al [22]. Mello-Thomas et al (Mello-Thoms, Hardesty et al., 2005) also 

found during an eye tracking study, that unreported lesions often received adequate visual attention. 

Other eye tracking studies have found that the conspicuity of a lesion, or the amount of time it is 

observed, is not the only reason they are not reported (Brettle, Berry et al., 2007, Chesters, 1992, 

Manning, Ethell et al., 2004, Mello-Thoms, 2006). In short, although errors in radiology are not 

confined to readers missing features because they are poorly demonstrated it is valuable to inform 

efforts to improve the radiological task with measures of image quality that use functional data on 

visual performance. Clearly one aspect of improving lesion visibility in mammography is through the 

optimisation of the applied compression force. 

6.3. Future of CI work 

CI has the potential to contribute to the distinction between detection and decision errors, and for 

image optimisation, but only if there is clear evidence that the CI is a valid measure of human 

performance; it is noted that the C.I. software is currently limited in this validation. To remedy this, 

future work has been planned to address this; correlating the C.I. calculation and the results of a 

human observer study will enable a distinction to be made between detection (C.I.) and decision 

(observer) errors. Furthermore, eye tracking can be utilised to evidence that the observers have 

fixated a focal lesion and differentiate between perception and cognitive errors (i.e. whether the 
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observer is making a detection, decision or recognition error). The findings can then be used to 

determine the threshold value of C.I. for focal lesions in screening mammograms. 

This threshold value can be used for multiple advantages in cancer imaging. The threshold will signify 

the detectability of lesions, which is an improved metric compared to CNR and SNR, this will enable 

optimisation of the imaging process based on lesion detectability, rather than system capability, 

which is currently not achieved in design an optimisation of imaging processes. It could be used as a 

quality assurance metric to assess observer performance or used within research projects to enhance 

and develop current imaging techniques. 

It also has potential for training, as a system of assessing observer performance with comparison to 

C.I. will allow feedback to the observer in terms of their performance, which may enhance the 

training and development of lesion detection in mammography screening. 

 

Conclusion 

The papers submitted for this thesis have shown that there are important considerations to be made 

during the positioning and compression of the breast during FFDM. Increasing compression force has 

been shown to not decrease breast thickness once the deformation stage has been passed. This 

implies no improvement in image quality nor dose reduction. It is essential to recognise that the 

applied compression force can reduce within the first moments after the clamping phase 

commences, and that this paddle motion has the potential to cause perceivable blurring.  

The way that compression force is applied has been shown to vary between practitioners, meaning 

that clients might not receive the same experience for subsequent visits. Additionally, this can impact 

on the image quality consistency and accuracy of breast density measurements over time. 

These issues resulting from technical, client and practitioner factors compound to indicate that there 

is a need to define the imaging technique more clearly. Optimal positioning, compression and time 

before imaging have all been shown to impact on the optimisation process, and although 

technological improvements have attempted to overcome these issues and standardise the 

application of compression, it is important to recognise the issues with positioning and movement 

will still need to be overcome, and that guidelines need to include considerations of these. 

As screening images are acquired at regular intervals over a period time, change in the anatomical 

appearance of the breast can indicate clinical changes (Peyton, 2016) and a change in breast density 
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has been shown to predict the risk of cancer in the contralateral breast in a recent case matched 

study (Sandberg, Li et al., 2013). Prior images can also be used to monitor disease progression, or 

assess treatment effectiveness (Bick and Diekmann, 2010). If the image acquisition is not 

standardised then there is a potential that the similarity between successive images is not sufficient 

to allow true assessment of change (Bick and Diekmann, 2010).  

Variations in compression force have been shown to impact on lesion detection (Holland, 

Sechopoulos et al., 2016)  and breast density calculation (Waade, Highnam et al., 2016). 

Standardisation and consistency of the compression technique would allow greater similarity 

between successive visits. The complexity of breast tissue size, shape, morphology, and elasticity, 

indicates that the same compression force would not be applied to each patient (Holland, 

Sechopoulos et al., 2016), therefore standardisation rather than generalisability is essential to enable 

patient centred optimisation.  

It can be argued that it is not important for compression force to be the same for all clients, images 

need to be optimised as much as practicable, taking into account many variables, such as client 

breast size and density, and patient comfort and tolerance (Nightingale, Murphy et al., 2015). 

However, if sequential intra-patient images are similar in terms of acquisition they are potentially 

more useful for accessing change, then this could reduce false positive rates and improve the 

screening process statistics (Peyton, 2016).  

Guidance on the optimisation of compression force needs to take into account all of these variables 

including consideration of the successive nature of the screening programme and the impact on any 

future risk stratification to ensure a standardisation for both the client and the benefits of the 

screening programme. 
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Journals - Aims, Scope and Impact Factors 

Radiography 

Radiography is an international, English language, peer-reviewed journal of radiographic imaging and 

radiation therapy. 

Radiography is the official professional journal of the Society and College of Radiographers and is 

published quarterly by Elsevier Ltd. 

Radiography aims to publish the highest quality clinical scientific and educational material, on all 

aspects of radiographic imaging (to include diagnostic radiography, computed tomography, nuclear 

medicine, sonography and magnetic resonance imaging) and all aspects of radiation therapy (to 

include patient care, dosimetry, treatment planning, verification, treatment delivery and oncology). 

Radiography includes original research, novel review articles, technical analyses, evaluations and 

case studies. In addition it provides a forum for the exchange of information and views on all matters 

related to the profession of radiography. 

Radiography promotes excellence in the profession of radiography by its commitment to the 

publication of original research, encouragement and dissemination of best clinical, scientific and 

educational practice and support for education. 

Medical Physics 

Medical Physics is the scientific journal of the American Association of Physicists in Medicine and is 

an official science journal of the Canadian Organization of Medical Physicists, the Canadian College 

of Physicists in Medicine, and the International Organization for Medical Physics (IOMP). It publishes 

research concerned with the application of physics and mathematics to the solution of problems in 

medicine and human biology. Manuscripts covering theoretical or experimental approaches are 

published. 

Impact Factor 3.208 

British Journal of Radiology 

BJR is the international research journal of the British Institute of Radiology and is the oldest scientific 

journal in the field of radiology and related sciences. 
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Dating back to 1896, BJR’s history is radiology’s history, and the journal has featured some landmark 

papers such as the first description of Computed Tomography "Computerized transverse axial 

tomography" by Godfrey Hounsfield in 1973 [1]. A valuable historical resource, the complete BJR 

archive has been digitized from 1896. 

BJR is an international, multi-disciplinary journal covering the clinical and technical aspects of 

medical imaging, radiotherapy, oncology, medical physics, radiobiology and the underpinning 

sciences. BJR is essential reading for radiologists, medical physicists, radiotherapists, radiographers 

and radiobiologists. 

Impact Factor 1.533 

Proceedings of SPIE Medical Imaging 

Proceedings of SPIE offer access to the latest innovations in research and technology in the broad 

field of optics and are among the most cited references in patent literature. Presenting and 

publishing research in Proceedings of SPIE has multiple professional and business benefits but above 

all it offers an opportunity for first disclosure of research findings both at the stage of completion 

and as work in progress. The Value of Proceedings white paper provides a comprehensive 

discussion. Proceedings of SPIE are uniquely valuable as they are used by researchers worldwide, and 

lead in patent cites among optics and photonics collections. They frequently rank among the 50 most 

used serials, out of 50,000 analyzed by Ex Libris. If it is ready for journal publication, a proceedings 

paper can be submitted with minimal or no revision for consideration in the relevant SPIE journal. 

SPIE partners with relevant scientific databases to enable researchers to find Proceedings of SPIE. 

They are indexed in Web of Science, Scopus, Ei Compendex, Inspec, Google Scholar, Astrophysical 

Data System (ADS), CrossRef, and other scholarly indexes, and are widely accessible to leading 

research organizations, conference attendees, and individual researchers.  
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Appendix 1 
Personal contribution summary 
Paper 1 (Hauge et al., 2012) 
This was my first research paper within mammography and, as such, I had a smaller contribution in 
comparison to the other included papers. Within this research I was involved in the design of the 
measuring device and developing the analysis and data display in collaboration with the first 
author.  Within this project I was involved in all research discussions, which formed the research 
project focus, the methodological design, data analysis and article writing. This research was key to 
the progression of the next pieces of research and involved me collaborating with a new team and 
building key relationships. 
Paper 2 (Hackney et al., 2013) 
This paper arose due to an issue that the clinical co-authors (Sue Williams and Lisa Hackney) 
observed in practice. They came to the research team at the University of Salford for advice on 
how to approach the research. From this point I led the research project. 
Within the work I designed the data collection method, and once the data was acquired by 
qualified mammographers I performed all analysis. Once analysis was performed I met with the co-
authors to discuss and agree the structure of the paper, I led these discussions as the main focus of 
the work was to inform the phantom design for the subsequent paper (Williams et al., 2014). My 
contribution to the presented work was the results section and the discussion. I also contributed to 
all other sections of the paper. 
Paper 3 (Williams et al., 2014) 
This was a follow-on phantom project based on the previous work to demonstrate the impact on 
lesion visibility from the issue of the extra breast tissue. 
Again, I led this work. My previous experience in Radiation Protection meant I had experience in 
phantom design (Smith et al., 2011) and a knowledge of the requirements for phantom 
construction (Szczepura et al., 2006). 
I used this experience to design and construct the phantom to ensure a reproducible and reliable 
research tool. I designed the method, and data collection was performed in the clinical setting by 
Sue Williams and Lisa Hackney (co-authors).  
Once the data was collected I performed all the analysis. This was a more complex task as there 
was the combination of the standard number of discs that could be seen, as well as 2AFC visual 
grading. I combined these data sets by creating the “visibility score” within the work, this was 
helped by my previous work in 2AFC and visual grading (Thompson et al., 2009, Thompson et al., 
2010, Thompson et al., 2012a, Thompson et al., 2012c, Thompson et al., 2012b, Thompson et al., 
2014, Thompson et al., 2015, Thompson et al., 2016). Once this was performed it was essential to 
indicate the increased risk due to the inaccurate function of the AECs as well as the reduction in 
visibility score. My previous experience in radiation protection and dosimetry (Tootell et al., 2013, 
Tootell et al., 2014b, Tootell et al., 2014a) led me to create the “optimisation score” where 
optimisation is a legal term used in IR(ME)R regulations to define the balance between image 
quality and dose. Following on from the creation of these two novel metrics I again led the 
discussions of the structure of the paper, and wrote the results, analysis, discussion and conclusion 
sections of the paper, and contributed to all other sections. 
Paper 4 (Mercer et al., 2013) 
My main involvement in this work came after the initial data had been collected, and the team 
were struggling to analyse it in the way they needed to. 
I quickly realised that the way the data was being organised meant that the task was going to be 
laborious and complex, and that by designing a more appropriate data analysis technique this task 
could be simplified. 
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Instead of using Excel, I used my experience in Access and Visual Basic to design a database that 
meant the data could be interrogated in multiple ways by the use of Queries and appropriate 
coding. 
I designed the Access database so that the data could be exported into Excel with the click of a 
button on a form, depending on the required analysis (i.e. by patient or by operator) this enabled a 
quick and easy way for Claire Mercer (first author) to access the data in a structured, safe and 
controlled way. 
Once the data was exported I worked with Claire Mercer on the analysis and discussed the 
appropriate interpretation of the data with the team. Once analysis was completed I contributed to 
all sections of the paper. 
Paper 5 (Mercer et al., 2015) 
This work was similar to the work in paper 4, but it was a multi-centre study to see if the same 
practitioner behaviour occurred at different sites. Within this paper I was key to the discussions 
around data collection and methodology from the beginning and was key to inform the research at 
all stages. 
As this study was multi-centre, this led to a more complex data collection task, as the data was 
being collected by various people at various clinical sites. Therefore I adapted the Access database 
designed in (Mercer et al., 2013) to ensure accuracy and control of the data input as well as the 
data output.  
I created an input form to ensure consistency of all variables, especially practitioner name as this 
was an important part of the research, and we needed to ensure that the input was consistent as 
well as controlled from a data protection point of view. 

 
Figure 1: Data input page example, demonstrating the number of Forms, Tables and Queries 
required to interrogate the data appropriately. 
Once the data was exported I collaborated very closely with Claire Mercer to guide the analysis and 
directed the appropriate interpretation of the data with the team and contributed to all sections of 
the journal article. 
Papers 6 and 7  (Hogg et al., 2013a) (Smith et al., 2015) 
These papers were a phantom study and follow on human participant study that demonstrated the 
issue of positioning in mammography; how this impacts on the effectiveness of the applied 
compression force. My role and input in both studies was very similar, and so have been combined 
for the purposes of this appendix. 
Within this project I acquired the pilot data with Peter Hogg and Alison Darlington, and from the 
pilot data I designed the main method and wrote an instruction manual for the data acquisition 
using the pressure mat to enable reliable and consistent data acquisition. It is noted that this 
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instruction manual has now been used to support other studies with pressure mat use  
(Angmorterh et al., 2019, Mercer et al., 2016) 
Once the data had been acquired I performed all analysis. To answer the research question it was 
required to indicate the balance between the pressure on top and below the breast. To do this I 
used my previous nuclear medicine experience (Cheow et al., 2005, Ruparelia et al., 2006, 
Szczepura et al., 2006, Beadsmoore et al., 2006, Beadsmoore et al., 2007, Ruparelia et al., 2008a, 
Cheow et al., 2009, Ruparelia et al., 2009b, Szczepura et al., 2011a, Ruparelia et al., 2011) to 
develop and define the “Uniformity Index” which was based on the uniformity assessment 
performed on gamma cameras in nuclear medicine. Although the physical premise is very different, 
the data in terms of RGB were similar and so the application of this technique worked to 
demonstrate the balance of force above and below the breast.  
Once all analysis was completed I wrote the method, analysis and results section and contributed 
to all other sections of these papers 
Paper 8 (Hogg et al., 2013b) 
Within this work I developed the method along with the co-authors. The data was acquired by 
qualified mammographers, and once the data was acquired I performed all the analysis and 
defined the 3 “colour coded” sections on the graphs after discussion with Peter Hogg. 
Once all data was acquired and analysed, I wrote the results section of the paper and contributed 
to all other aspect of the paper. Once the paper was published there were letters to the Editor, and 
Peter Hogg and I responded to those letters on behalf of the co-authors at the questions were 
focused on the physics terminology within the paper. 
Papers 9 and 10 (Szczepura and Manning, 2016, Szczepura et al., 2017a) 
Within this work my contribution was similar, so they have been combined for the purposes of this 
appendix. 
This work was following on from work that Manning et al had done on analog images in 2002. 
(Manning et al., 2004) on discussion with David Manning I proposed recreating this work due to the 
introduction of digital imaging, and the possibility of performing the analysis with software rather 
than manually as with the previous work. 
My previous experience of image analysis and software design (Szczepura et al., 2006, Szczepura et 
al., 2011b, Ruparelia et al., 2006, Ruparelia et al., 2008b, Ruparelia et al., 2009a, Thompson et al., 
2010) enabled me to develop this work.  
The initial stages of the work were to design and develop the software. At each iteration I 
performed quality control and validation studies.  Version 8 of the software satisfied all the 
requirements for image analysis and so a full validation study was performed (Szczepura and 
Manning, 2016). For this work I performed all data collection and analysis. For the paper I wrote 
the first draft of the paper, David Manning then provided input and edited the paper, I then 
finalised and submitted the paper. I also presented the work at the SPIE conference in San Diego in 
2016. 
Paper 10 then used the software in a different imaging modality, ultrasound breast imaging. This 
was a phantom study that was to demonstrate the issue with over compression of tissue breast 
ultrasound. The idea arose I am module lead for the Physics of Ultrasound module where I teach 
breast sonographers, and we were discussing imaging techniques and how if you “press too hard” 
the lesion becomes less visible, so I wanted to quantify this clinical observation. 
Within this work I designed the method, the phantom, the data acquisition, and performed the 
data analysis. For the paper I wrote the first draft of the paper, then received feedback from the 
co-authors, finalised and submitted the paper. I also presented the work at the SPIE conference in 
Orlando in 2017, where I also presented additional work using this software to assess lesion 
visibility in CT with mA modulation (Szczepura et al., 2017b). 
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