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Thesis Structure

Toguide the reader and ease navigation through thesogpt the chapters are colour

codedon the bottom right corner of the script

Chapter One

The first chapter of this thesis provides the research abstract. Thisascese
overview of the research work, illustrating the research ratiowdte aims and

objectives, together with a concise summary of the key research findings.

Chapter Two

The intelletual ownership and declaratidéor the published work contained withi
this thesis is included in thishapter. This chapter alstemonstrates the overall

contributions the author made to each publication.

Chapter Three

The third chapter provides a contextual background of the thesis. The aims and
objectivesare discussed in full, along with theesearchrationale. The r#onale is

supported by a succinct review of the literature pertaining to the research context.
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The systematic acquisition and distribution of the acquired and novel knovdesige
discussed in the fourth chapter. This chapter illustriite concepts and design for
each research project in turn and disess$ise various research teams constructed.
This chapter contaga critical review of the published researtbgether with ky

research findings and future research work in development

The fifth chapter contains the published research work. This includes eight journal
articles, seven of which are peer reviewed, one of which was commissioned for an

annual adiography journabf the Society and College of Radiographers.

Chapter Six

This chapter idased on research development, grenfance metrics and publication
impact. Analysis of these metrics demonssdte research works originality and
impact. This chaptellustratesthe development of the researcher and the new research
teams and pathways that haamsenas a direct outcome of this thesis. This chapter
alsoprovides a succinct summary of the theBradings and the development of future

projects arising from this research.
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Chapter One: Abstract

Rationale

Mammography practitionsicontrol the amount of compression force applied to the
breast There areno quantifiable recommendations for optimal compression force
levelsfor practitioners to followClients report variations in pain and discomfort when
compression force is applied. Until now practitioner compression force Nigyibbs

not been investated;even though this might lead to variations in client pain and
discomfort. The primary purpose of this thesis was to investigate whether practitioner

compression force variability exists.

Method

Three research papers investigated practitioner compnefsrce variability: one

used a cross sectional design; two used longitudinal designs, one was single centre and
the other was multicentre. Three further research papers investigated important issues
which might confound practitioner variability resultshe first investigated
compression paddle bend and distortion; the second investigated how breast thickness
and compression force vary; the third evaluated practitioner ability to grade breast
densi ty, visually. The f i mald riensveeasrtcihg ap

determine how image quality varied with breast thickness and compression force.

Key findings
The research firmly demonates that pactitioner compression force variability

exists. Multicentreanalysis (4500 client visits) confiedtwo out of three screening

CHAPTER ONE: ABSTRAC



sites with significant practitioner variability, with the third screening site having a
minimum dictate of compression force at 100N. As displayed by MLO/CC projections
clients underwent a 55%/57% (site one), 66%/60% (site two) and 27%/26% (site three)

change in compression force through their three screening visits.

The research confirmetthat the compression force received by a client nghly
dependent upon the practitioner, and not the clidfithin an individual clients
screening pathway the research has demonstrated that clients could receive

significantly different compression fadevels over time.

Conclusion and further research
For the first time practitioner compression force variability has been identified. Novel
methods for reducing breast thickness need investigating; an example of a novel

method is the use of pressureheatthan force.

18
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Chapter two: Declaration and contributions
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Chapter Three: Contextual Background

3.1Aims and nature of research

Rigorous maintenance of a quality assurance (QA) programme is crucial in upholding
the effectiveness of the National Health Service Breast Screening Programme
(NHSBSP). The QA guidelines for mammography established to facilitate the
NHSBSP objectives of &ng term contribution in the reduction in breast cancer
mortality. Within the QA guidelines fomammographythereare noguidelinesfor
optimal compression force levelor practitioners to follow when performing

mammography

The overall concept of this research was to identify the range and extent of
compression forces used in order to investigate practitioner variation of breast

compression force within the NHSBSP.

The objective of this researchasto establish:
i if practiioner variation in the application of compression force existed
9 if so, to establish the range of that variation

9 if establishing a rangég realisepotential consequencésimage qualityand

identify possibleclient effectsover sequential screening withihe NHSBSP
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3.2Research ontext
To establishthe researchframework contextual information on th&HSBSP,

mammographyand quality assurance (QA) guidelines follow.

3.2.1National Health Service BreaStreening Programm{@&HSBSP)

The incidence of breast cancer is increasing on a global scale and the disease remains
significantly high in public health issues. Mammography is, at present, the best
method for the detection of clinically ngralpable breastancer.The aim of the
NHSBSPto detect cancer at an early stggeS Cancer Screening Programmes, J04Ben

there is a greater chance of it being treated succes$kabith and Social Care
Information Centre, 2013prognosiof the disease being ditbcrelated to the disease

stage at diagnosis, with early detection leading to better progRg<sisiuttarak, 2003]

The Forrest Report in 198B6epartment of Health and Social Security, 1986tommended
screeningasymptomatiovomen aged 564 years in a three yearly cycle. Since its
introduction in 1988, the NHSBSP has seen many procedural and structural changes;
all aimed at increasing cancer detectic®saTwoprojectionmammography (onm

the craniecaudalprojectionknown as the CC and one in the melditeral oblique
projectionknown as the MLO) was introduced at prevalent (first) round screening in
1995, followed by incident (subsequent) round introduction in 2002. Inthedpper

age range for screening increased to 70years and in 2010 the NHSBSP commenced
randomised control trial of age expansion to those aged 47 to 73, with expected

completion in 201GNHS Cancer Screening Programmes, 301
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Key facts about the NHS braascreening programme are highlightedTiable 3.1,
wi t ptakeédbeing the percentage of women who are invited for screening in the year

and screened within six months of their invitation.

Year Number of Uptake Referred for Cancers detected =~ Cancers detected per
women screened  (50-70years) assessment (45+over) 1,000 women screened
aged 45+over (45+over) (45+over)

(Millions) (Percen (Thousandsg (Thousandsg (Rate)

2010 1.79 73.2 74.3 14.2 7.9

2011 1.88 73.4 75.0 14.7 7.8

2012 1.94 73.1 80.5 15.7 8.1

2013 1.97 72.2 81.9 16.4 8.3

[Health and Social Care Information Centre, 2014]

Table 3.1 NHSBSPKey facts

The risks and harms of breast screening in the NHSBSP is a continued controversial
debate in terms of lives savedt has been demonstrated thidwe benefit of
mammographic screeningdeemed greater than the harm in terms of over diagnosis,
with between two to two and a half lives saved for every one over diagnosed case
[Duffy et al 2010] A research group, the Strategic Review aakh Inequalities in
England2012], wasassigned tdully assess the risks and harms of screening for breast
cancer; their key aim to establish how effective the screening programme was at saving
lives. This review|ed byProfessoMarmott,summarised thdbr each breast cancer
death prevented, about ¢er over diagnosed cases will be identified and treated. The
conclusion of the reviewoncludedhat the UK breast screening programmes had a

significant benefit and should continue.

3.2.2Mammography

Mammography has been long established (over 40years) as the leading modality fo

the detection of breast candsirategic Review of Health Inequalities in England, 2019]
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2005, it was recognised that digital mammography was significantly kater
armlogue mammographwyt detecting breast cancer in women aged 50years or
younger, or in women at any age with very or extremely dense breast[Hsate
Gatsonis, Hendrick, & Yaffee005} Whitman and Haygoddo13, demonstrated that digital
screenings similar in efficacy or slightly better than film screen. The Department of
Health (DoH) [2007 decreed that full field digital mammography was to be made
available for women in the screening assessment process within the NHSBSP in the
47-50 age range, gether with a roll out of digitadquipmentin all screening services,

with digital mammography for aéllients screened within tiéHSBSP by 2012.

A mammogrambe it analogue or digitatonsistsof two projectionsof each breast;
one in the crankwaudalprojectionknown as the CG@nd one in the mediateral
obliqueprojection known as the MLO~or the CC the inferior portion of the breast is
placed on the imageceptorand the compression paddle iphgd onto the superior
portion of the breast; the mammography machine gantry is parallel to théHigare

3.1). For the MLO the arm of the mammography gantry is tilted from the vertical and
angled to be parallel to the pectoral muscle angkbe clent the angle determined

by the practitioner in accordance with the client body halfRiggre 3.2)

Figure 3.1: The cranicaudal (CC) mammogram
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Figure 3.2: The meditateral oblique (MLO) mammogram

Imaging the breast is challenging due to the large variations in breast volume and
morphology Client anatomical variationgarticulaty within the sternum and spine

pose challenges for practitioners and require adapted techniques. For a successful
mammogaphy image the practitioners require clientogeration andnust ensure

accurate breast positioning; it is recognised that an optimum image can be achieved

l®)

by employing the 63 Cs; c[ginimen§Quavet, Barke,C O I T

2012).

It is identified thathe application of breast compression force that is required prior to
image acquisition is one of the most essential parts of the mammography process
When compression force is applied it reduces breast thickttessgh the exact
relationship between compression force and reduction in breast thickness is neithe

linear nor cleacut[Hogg, Taylor, Szczepura, Mercer, & Denton, 20R8ulos, McLean, Rickard,
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& Heard, 2003} It is clearly recognised that breast thickness reduction rgegn
radiation burden, lessens superimposition of breast structures and decreases geometric
and motion unsharpnegBentley, Poulos, & Rickard, 2008:0ng, 200Q Poulos & McLean,

2004.

The importance of sustained and consistent high standargsactitioners who
perform mammography and apply breast compression force are essential in

maintaining the efficacy of 8NHS breast screening service.

3.2.3Principles ofguality essuranc€QA)
The main aim of the NHSBSP is to reduce mortality from direancer. Quality
assurance within the NHSBSP facilitates that objective by providing robust standards

to ensure focus and adherence with this key oo Cancer Screening Programmes, 2006]

When the NHSBSP service was introduced, the Forrest Report, stressed that all service
aspects would have to be of highest qughigast Cancer Screening987. From this

point onwards QA became a central, fundamental and integral part of the seevice; th
first QA guidelines for mammography being published in 1@8@artment of Health,

1989] This, the Pritchard Reportset out key standards, objectives and intrinsic
elements of staff training, responsibilities and key lines of reporting frameywoks

Cancer Screening Programmes, 2006

TheDoH in 1991 provided an advisory committee report for breast cancer screening

which highlighted the evidence and experiences since the introduction of the Forres

Report[Breast Cancer Screening, 1991n 1997 a futher review of QA services was
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requested from the Secretary of State for Healadhman & Hine, 1997] The executive
letter, EL(97)67, fully clarified relationships between breast screening units, host
Trusts and regional QA teamstating thatadherenceo national standards and a
rigorous QA programme were key prerequisite elements in high quality breast

screening servicgsiHS Executive, 1997]

Specific to the context of mammography and practitioners employed within screening
services guidelines exiswhich managers of breast services have responsitulity
ensurecomplianceNHS Cancer ScreergriProgrammeg00q in their publication 63,
establish the QA guidelines for mammography staff inclgdjuality control. These
objectivesconcern the whole aspect of the service and equipment. Two specific
objectives areconcerned with the achievement and sustainment of optimum image
quality with as low a radiation dose as practicable. Specific guidance is digdcte
Omi ni mum standardsd for specific high
detectable contrast levels on images. The guidance for the minimum standard for mean
gl andul ar dose per film for a st@isdard
Carcer Screening Programmes, 200€Pther than this there are no further dictates or

guidance in this area.

Within these standards a sectiommeammograptd techniqued e al s wi t h 6 a

C 0 mp r e[NHS Cancdr $creening Programmes 200d)e standardstate that:

ACompression is important in reducing radiati
overlapping tissue shadows. The compression should be applied slowly and gently to ensure the brea
is held firmly in position. The breast shoudid lifted and the tissue separated while compression is

applied to enable better visualisation on the mammogram. The force of the compression-mythe x
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machine should not exceed][NBD OanchreSeréeningProgrzammes,0 ki | ¢

2006, p.47

Practitioners employed within the NHSBSP have no further specific guidance
compression force application. It is apparent that there is scope and potential for

significant variations in practice with the application of breast compression force.
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3.3Literature analysis

In the developmenaf this research the identification of a key theme was established;
practice within and between practitioners in the application of breast compression
force. Literature analysis surrounding this key theme is presented within this section

of the thesis.

3.3.1Image wality

Theaimin mammography is to clearly visualise breast tissue structures in order to aid
cancer detection. A criterion of NHSBSP guidelines focuses on image evaluation
systems in order to guide staff to ensure optimum image quaéiplin et al[2002],
highlighted apositive correlation bateen poor image quality and the occurrence of
breast cancer within two years of a negative screening mammaapainighlighted

the importance of image quality within the NHSBSP. The experience of the
practitioners and the standamlis training of such staff is therefore of upmost

importance in order that image quality is maintained to the highest clinical standards.

Challenges, as described by Bentltyal [2009, are in the qantification of image
quality of the mammography imagand the skill of the practitioners in breast

immobilisation and positioning prior to compression.

In relation to image quality ci mammogrambreast compressioio reduce breast
thicknesds deemed to be one of the most important factors. Any reduatioreast
thickness with adequatedast compression reduces the radiation dose required for
exposure and improves image contrast by reducing radiation gcatteret al, 2009

Pisano et al 2005]
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Individual practitioners involved in mammography service provision are evaluated
through seHassessment. Rigorous three yearly quality assurance visits to a service
enconpass assessment ohage quality through evaluatiofNHS Cancer Screening
Programmes2000]. Image quality is measured by a tool produced by the NH3®BSP
Cancer Screening Programmes, 2008)ich directly relates to the amount of breast tissue
included on a mammogram in both the MLO and CC views. It is important to
recognise that this tdis not derivedrom evidenced research bas® does it monitor
compression forces$ractitioners areontinuouslymonitored by tfs tool with self
assessment and peer review to monitor their standards. This tool is imperative to
maintain standarcg& was recognised back in 2003 that 10% to 30% of cancers can be
missed through poor mammography scree(wagid, Shaw de Paredes, Doherty, Sharma, &

Salvador2003], highlighting the importance of strict image quality standards.

It is clear that mmmayraphy image quality is dependent on numerous interlinked
components including equipment, client positioning, compression force, viewing
conditions, patient tolerance and practitioner skill. Comparisons of image quality have
to take into account these fart as these willead to the ultimate indicator in the
performance of the NHSBSP; the success or failure in the detection -piaigable
breast cancer. Taplin et[@bo2] suggested that little was known about exactly which
of these image quality paramees affect cancer detection and no research has been
further established ithis field. A systematicreview in 2010[Li, Poulos, McLean &
Rickard, 2010] noted that when image quality was rated higter]Jesion detection rate

did not alter and further wtlies were suggested to be carried out to explore the
relationship between image quality components. At this time no further details

emerge.
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This review of clinical image quality evaluation methods in 2QiCet al., 2010]
assessed the E[European Comnssion, 1996] and the ACR[Committee ACR, 1999]
guidelines on image qualithighlightingan expectation thaimilar research studies
with similar aimswould use similar image quality evaluation methods. The review
demastrated this was not the case awudrall, although theating methods for image
quality in all these studies variemnsiderablyit is acknowledgedhat all but one

studyutilisedthe BFRADS classification scale.

Li et al [2010] strongly sugested that it was essential that research focussing on
mammography image quality evaluaths inter- reader reliabilitytogether with an
evaluation of breast density and an overall impression of image quality. The article
noted thatmore importantly the method should permit simple, reproducible

evaluation of clinical components.

I n summary, it is apparent that the term
perspectivesnd that analysis of visual image quality is complex and multifactorial
For the direct monitoring of image qualisyandardsvithin the NHSBSP, together

with research activities, it is essential that criteria to assess image quality have a soun

evidence base and remain consistent.

3.3.2Compressiorand pressuréorce
Within mammography generalisation of the terms force, pressure and weight are ofte
used by practitioners interchangeably and there is a recognised lack of understandin

in the terminology. For clarity:
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i Force is an interaction which causes the change of mofiam wbject
measured in Newtons (N)MWith ten decaNewtons of force (daNbeing

equivalent to one Newton (N)O0daN =N.

1 The term pressure is referred to as the force per unit area which is applied in a
direction perpendicular tanobjects surfagameasured in Newtons per square
metremeasuredPascalPa) With one Pascal relating to one unit per square

metre.

1 The weight of an object (kg the force generated by the gravitational
attraction of the earth on an objetkg is equal to 9.80655N.he weight of

an object irkg is generally taken to be thfi@ce (N)of an object due to gravity.

Compression force is applied to the breast tissue during mammogaaphyhe
readout in N or daN of force often visualised by the practitioners on the manphggra
machine; practitioners commonly refer to thiterchangeably as@p r e sasdar e 6

6forceo.

In standard mammography practice, breasts are compressed until adequate thickne
reduction is induced. Decidinghen enough compression force has been applied is
the remit of the practitionemnd \arious descriptors have been proposed to indicate
when enough compression force has been apfhieehd, Cardenosa, & Parsons, 1994;
Kopans, 2007; Long, 2000; Poulos &Mean, 2004; Wentz, 1992] hereare no evidencbased

agreed guidelines for practitioners to identify optimal compression force levels.
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The NHSBSP published a set of imaging critgmaviding clear guidelinedor the

0i deal 8 mammogram. These dfudekimdappieslto r ef e
the breast fislowly and gently ([NeSCadmrsur e t
Screening Programmes, 20a@0d also allude to the fact that the compoesshould not

be in excess of 20kilogrambMammography machine readouts are in Newtons or

decaNewtons of force and the guidelines should reflect these measures.

The key competency framewojgkills for Health, 2013directs training centres to the

criteria which practitioners should meet upon qualification; occupational standards to
position individuals and produce radiographic images of the breast state that the breast
should be O6compressed t o e[Sk iorrHaalth,tolsle wh ol

and do not offer further guidance on the compression force values.

Through recent researdhs clear[MurphyF, etal., 2014 that manypractitionersdo not

refer to the numerical value of compression being applbat m&e a decisionto
ceasecompression related time look and feel of the breast. Within this research
Murphyand colleague014]noted that some practitioners used compression force as
a final check prior to exposure and some practitioners involve the client. They also
found tha the speed of the application of compression force varied and practitioners
demonstrated setfoubt about their practicen another study it wasoted that clients
could often compare their experience with a previous examingubimson, Hogg, &

NewtonHughes2013]

It is clear that psitioning the client for a mammography image requires a great deal

of skill. The application of breast compression force that is required prior to image
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acquisition is one of the most essential parts of the processwétli established that

the development of a relationship of trust with the client will assist with their
relaxation and that effective communication is essential in order for the client to
understand the positioning required and the use of compresso&|Lkas; Strickland,

Wilson, & Rickard 2002 Simmons et a) 2012} Doyle and Stantof2002] referred to breast
compression application as an O6artd and

faced in communicating effectively with clients whilst appt) compression.

New technologies are coming into plme Groot, Broeders, Branderhorst, deeeten, &
Grimbergen2013]whi ch change the focus from compr
0 p r e sisanewdy@esigned compression paddle, the paddieates the pressure

applied to the breast rather than assessing the overall fucanew technolog

could lead to consistency pressurdor eachscreeningttendance; thas, if standards

were inplace

3.3.3 Mammographyain

(7]
—

In practice breastar e compressed until Aithe brea
b1 a n ¢Bhagy, 929861 ong, 2000 Wentz, 1992] Pouloset al[2004] highlighted that the
application of compression influenced paith potentiallyno associatedenefits

with breast thtkness reduction.

Poul o0s 0O [Poslob &t Ghli 2@03% Poulos & McLean, 2004] utilised experimental
mammographic compression, with no exposure, noting down the point at which

blanching of the tissue and/or tautness at the sides together with minimal thicknes
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and patient discomfort. The stsgodoyurredesul t
at a wide range of compression forces and breast thidswss have the potential to
create variation in the application of compression force in breasts. It was shown that
in practice it is possible to assess whether the breast is firnftan sioe first 30N of
application; the specific requirements for each breast can then be applied by the
practitioner.

In 2004 Poulos and McLean called for a #f.
discussing the fact that essential focus is required on training in mammography with
regards to the effects of breast compression focusing on the minimisation of breast
thickness rather than the amount of compression appliedafey ndurther work is

apparent in this field.

It is imperative to maximise the number of women who attend for robtieast
screening in order to reduce breast cancer mortality. Aesygic review by
Whelehan, Evans, Wells & McGillivrggo13 confirmedthe effect of pain on repeated
attendance for screening. Thouglmsistated that thers a complexity between the
phenomena of pain and screening behaviterresearcivas able tdirmly conclude
that there was sufficient evidence that painful mammography contributed 4@non
attendance. 286% of women cited pain as a reason for-reattendancein real
terms between 47,000 and 87,000 women each year in Endlaed. research

concluded with an appeal for pain reducing interventions in mammography.
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3.34 Radiatiorrisks

Mammography is required to be performed to a high standard with a low breast
radiation dose; mean glandular doseipergefor a standard breast at clinicaltsegs

bei ng O [NBS Cancem$egning Programmes, 2006)e breast tissue should be
adequately penetrated with radiation in order that the fibrous strands can be visualised
through the breast parenchyma tissue; it was acknowledged by Cjzeosighat
underexposure resulted in a marked risk for missing breast lesions. As the various
breast tissue types (fat, glandular and fibrous) have similar atomic numbers they have
little inherent density differences; high contrast images are required forgsieinse

high quality mammography using the lower kVp ranggmsind et al., 1994]

The risks and health effects after radiation exposure with such low doses is a topic that

remains under debate today; AFor -7®@very 1
scre@ed by the NHSBSP three times over a 10 year period, the associated exposure
toxr ays wi |l | i nduc e [NBSCencefS@aetniaglProgmmesa2®®B] Cc a n C €

order for the breast screening service to be justified, in radiation protectionttegms,

the benefit of screening must far outweigh the risk of inducing breast cancer. The
benefit of screening maximad bythe number of cancers detectedhich is increased

by improvements to image quality. It is to note that diagnostic performance is not
solely dependent on imageality, buton other powerful parameters such as observer

decision making, expertise, workload and experience.

In summary it is noted that the breast tissue isdiosensitive structarandthe

radiationrisk is considered to be acceptable compared to the benefits for a screenin

programme such as the NHSBSP.
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3.3.5 Breast dnsity

The breast tissue itself is made of soft tissue structures with two different densities;
adipose (fatty) and fibroglandular tissue. Breast denssfgers to the relative
composition of this fibroglandular and fatty tissue; glandular tissue having a high

density with fatty tissue a lower density.

In early reproductive life the breast consists of around 20% fattyetigith 20%
being epithelium and 60% connective tissue. Breast density represents this epithelium
and connective tissue (fibroglandular). The proportions of théee with agethe
amount of fattytissue increasingwith decreasing proportions of epitheliuamd

connective tissugsiowell et al, 2003.

The association between increased breast density and an elevation in risk of breast
cancer is well established. In basic terms, dense breast tissue contains less fat with
more breast cells and connective tissue, therefore a greater proportion of bigast ce
associated with an increased risk of breast cgmesit Warwick, Cuzick, & Duffy 2011;

Boyd et al., 1995; McCormack, & dos Santon Silva, 200&ilfe, 1976] Howell et al[2005]
describedmultifaceted and interrelatesssociations with breast cancénding that
someareunavoidable, suchs inherited geneand somaremodifiable such as diet,
alcohol and exercise. Othassociationssuch as late menopause and early menarche
(longer lifetime exposure to the hormones oestrogen and progesienani@y

increased associations with breast cancer develoghwevdi et al, 2005].
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Though most risk factors associated with breast cancer are unable to be altered such

as age, family history and parity; breast density can be altered by diet and exercise.
Body weight is linked with breast cancer. After the menopauseasemdestrogen

levels are linked with the amount of body fat; an increased oestrogen level is
associated with an increased risk of breast cancer. Higher amounts of fat in the diet
also incrase the risk of developing breast cancer. Research studies are attempting to
ascertain individual 6s breast <cancer ris

the methods for the measurement of breast density need to be a[sugatet et al.,

2012].

Breast classification models have been utilised in order to ascertain magnitudes of risk

of breast cancer in accordance with breast density. The classifications of breast tissue
were first defined by John Wolfe MD in 1976 and, as such, are referred to Wolfe
patterns. The density of the breast tissue progressively increases throughout the
patterns[Heine & Maltotra, 2002J]and Wol f eés <c¢cl assi fication

guantitative and qualitative considerations of breast ti@gsue et al., 1998]

The Breast Imaging Reporting and Data SysterARBDSe) [SicklesD6 Or si , & Basse
2013 D g Bassett, & Berg20] reported by the American College of Radiology, is a
tool for the standardisation of mammography reportingoftsistsof a lexicon of
standardised terminology, a reporting organisation with an assessment structure
together with acoding and data collection structure. TheRBADSe breast density
classification provides a means of breast pattern density classification and agai
highlights four progressively dense mammographic patterns; almost entirely fat (A),

scattered fibroglandat densities which could obscure lesions (B), heterogeneously
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dense which may lower the sensitivity of mammography (C) and extremely dense
which lowers the sensitivity of mammography (Mpst descriptions of breast density
used for clinical purposes todage this classification systelihis noted thathere is
variability in using the BRADSe system and few studies have evaluated such

variability between film readers in screening mammogrédpéiyie & Malhotra, 2002]

In 2004, Hershdiscussed a further way of classification of breast density by computer
software programmes; restrictions and inconsistencies in reader classification of breast
density in subjective ways uphold the use of computer software programmes on a
continuous scal In many research studies now undertaken to ascertain breast density,
volumetric density estimation is provided by raw full field digital images from
screening being processed through Qualtar Volpard™ software[Sergeant et al.,

2012]
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Chapter Four: Critical appraisal

4.1 Research pthway
Following a literature review several themeswere identified which directly
contributed to the research ratiogaforming the aims, objectivespethodsand

moulding the research.

The following statements were established ind&eelopment stages of the research:
1 Compressiondrce: there were no set directed quality control standards for
mammography practitioners irelation to compression force applicatip

other than a maximum force set at 200 Newt{I8S Cancer Screening
Programmes, 2006]

1 Resultanpain: reattendance into the NHSBSP was being affected by breast
pain following mammographyvhelehan et al 2013]

1 Radiation risks: radiation doses shobklkept as low as reasonably possible
in the radiosensitive breast tissue

1 Image gality: comparison of images over time through sequential screening
is imperative taletectsmall, subtle breast changes and improve breast cancer

detection

The main concerfor theresearcher wabat even though very strict quality assurance
and control guidelines were apparent through the NHSBSP, one areleficaent-

the guidance and resultant standards regarding the applioatompression force.
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As the application of compression force directly affects the breast thickness, radiation
dose levels and image quality to the breast, there required an edict to guide

practitioners in this field. Research within this area was theressential.

The research objectives wetlarified (Figure 4.3:

uEstablish the extent of compression force

Objective 1 variations within the NHSBSP

uRealise potential consequences to image quality
Objective 2 and identify possible client effects resultant
from any compression force variations

uPropose compression force ranges in
mammaography

Objective 3

Figure 4.1: Research objectives

The researchefocused on designing and establishiegearch pathwayshich had

direct significanced the research objectives abovetumthesecould likely establish
significance in clinical practice. Several research pathways were designed.
Development of these pathways and resultant research papers are summarised, for

clarity, in Figure 42
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Key research theme

Practitioner variation of
compression force

Study to establish if
practitioner
variation existed.
Cohort of clients
from one location.

Paper 11l
Page97

Extend study
principles to larger
cohort of clients
across multiple
screens.

Progress study
principles to
multicentre NHSBSP

study.
Paper VI
Page:133

Establish if

Paper V
Page:113

Research already
underway at host
site. Able to
identify clients
from this cohort.

Appendix One
Page:184

Inconsistencies in
mammography machine
readouts.

Noted readout thickness
on mammogram machine
and measured thickness

had inconsistencies.
Research to perform a

calibration study to
provide data to help
improve consistency in
the compression force
that is applied during
mammography.

Research to establish a
simple method to
determine breast readout
accuracy on
mammography units.

Assisted in defining
method for use of single
mammography machine
for further studies.

To enable definition of
method for use of single
mammography machine
for further studies.

Paper Il
PageB9

Researchiesults and key
themes from other research
interest amalgamated
together in article

Summary article
Paper VII
Page:123

Figure4.2: Developmenbf researcltpathwaysandresearcltpapers

variations in
compression
force had effect
on visual image
quality

Paper VI
Pagel121

Required multiple
observers for multicentre
study.

Research to validate a set
of mammography images
for visual breast density
estimation to achieve
consistency in future
research projects and to
determine observer
performance.

Paper IV
Pagel107
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Within this chaptethe published works intaelationshig are highlighted and the

established research objectives referred to as:

1 Objective 1 Establish the extent of compression force variatiovithin

NHSBSP

1 Objective 2 Realise potential consequences to image quality and identify

possible client effects resultant from any compression force variations

1 Objective 3Proposecompression force ranges in mammography

The development of researchreaforall the researcprojects dscussed within this

chapter areonsidered in Chapter 6 of this thesis.

CHAPTER FOUR: CRITI@AL APPRAISAL



4.2 Establishing if compression force variation existed (objective)
The first key research objective wias
1 Establishthe extent of compression force variations within the NHSBSP
In order to investigate this, a preliminary study was designed to determine whether the
absolute amount of compression force in mammography varied between and within

practitionerg™aelh),

The researcher was previously involved in a feasibility sttil§'“*°"® to assess the
practicality of using a stepredgebased technique for measuring breast density from
mammograms and to determine if additional informafi@bevant tobreast cancer
risk) could be collected by questionnaire. As part of this feasibility study, a cohort of
clients from the NHSBSP was utilised from one screening sermaken from one
static mammography centre which utilised one mammography sy&tethecohort

was a nonrandomisedconsecutive group of NHSBSP clienisnaged on one
mammography machinehey were considered ideal for sampling purposes for the

initial study®areth),

Additional and coincidental, volumetric data was available from the feasibility study
(AppendixOng \which was utilised. Together with this, during the planning stage, it was
acknowledged that breast density should be assessed. Following the literattire sea
in this area the foypoint Breast Imaging Reporting and Data SystemRBDS)
scale was utilised for this purpogeD 6 Or s i  e.tlt imacknowledpe that this
reporting system was updated in 2Qdi3kles et al., 2013nd the reporting scals how

classified as AD instead of 4. The researchcontained within this thesig/as
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conducted prior to the publication of the new guidelines and as such refers to Bl

RADS 1-4.

Exclusion criteria were set to ensure the data sample was not compromaietisy

who had undergone surgery or had breast implants; anything which would
purposefullyalter thepractitionersapplication of compression force. The data from
retrospective mammography images from 500 clients was collatexh iBxcel
spreadsheefollowing advice from two separate statisticiéims client number to be
sampled was naterived by a power calculatiodyeto the many factors involved for
analysisinstead anumber of 500 was clarified with the statisticians to enable enough

data wihin each BIRADS breast densityr representative sampling.

4.2.1 Data interpolation

Data interpolation for this pap&°'") followed through the Excelpreadsheett was
clear at the onset of data interpolation that a large number of confouratiagles
existed which could affect compression force application, for example; client
tolerance, client habitus, practitioner experience in positioning, practitionefnskil
positioning, breast volume arateast density. It was realised, very rapidlyatth
confounding factors had to be excluded aradear focus was required the research

aimi practitioner variation.

The results from this stud{*¢""") demonstrated a highly significant difference in

mean compression force used by different practitioners (p<0.0001 for e&AhES

density). It also demonstrated that practitioners applied compression in one of three

ways using either low, intermediate dglm compression force, with no significant
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difference in mean compression within each group (p=0.99, p=0.70, p=0.54,
respectively) but a significant difference between each group (p<0.0001). When
compression was analysed by breast volume there was aavidgon in compression

for a given volume. The general trend was the application of higher compression to

larger breast volumes by all three practitioner groups.

The conclusions from this study highlighted that practitioners did vary in the amount
of conpression force they applied during mammograpng the same variation

existedin each BIRADS grade. It was essential that this work now progressed.

4.2.3 Recognised shortcomings
Prior tothe development of the nexésearch studif was essential that@itique of
the previous work was undertaken and any shortcomings recognised and resolved

prior to the development of the next research project.

Within the initial stages of this proje€ere™) the first shortcoming was highlighted.

It was acknowddged that a large proportion of time was squandered collecting data
which was not required. This was due to the lack of understanding for the removal of
the confounding variables at the developmental stage. It took the researcher some time
to gain a fullunderstanding of the requirement to understand which variables were not
required in the dataset. Taking this forwardsitthe next research project, this

shortcoming was resolved

The second shortcoming of this researéf"" was in the design. The desigtilised

analogue mammogram images as they were readily available and a retrospective stud
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data set was easily collated. In 2010 very few breast screening services rad digit
mammography; though in hindsight, it may have been possible to gain retrospective
information from a screening centre who had been digital for nearly a year. If the
researcher had done this in the early stages it could have stabilised the research in th
digital screening arena. Instead, the data gathered within this research is from analogue

images

4.2.4 Focus and definition of method for future projects (objective 1)

During the development of the first study on practitioner variafiéif"") it was
acknowledgedby practitioners within the department that when performing
mammogr aphy t he c¢ompr .éBisoccarredduring theteneob dr o p p ¢
the application of compression foroa the clientto the practitionereturning to the

control panel. It was also realised that resultant thickness changes may also occur
during this time. Practitioners also suggested that some mammography machines were

more affected than others.

Thiswas considered to be an important area to develop in order to ensure stabilisation
of the design and research outcomes from any future studies. As such, a study was
designed to assess the measured thickness and the readout thickness measurements on
mammogam machine$2*"_ |t was important when planning this study that a breast
phantom was designed to mimic the compression characteristics of the breast. It was
recognised in the early stagesdafsign thatctual, real effects would not be gained
from a typical perspex phantom used for equipment testing and a realistic breast

phantom was essential.
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The method for this study comprised of three stages. Firstly the design of a clinically
realistic breast phantom and rigid torSnfith, Smith, HoggMercer, & Szczepura,
2011] Secondly, a device to measure breast thickness (TMD) and finally, the breast
phantom and breast thickness measuring dewitésed to assess several

mammography units/paddle combinations.

Several different mammography machimanufacturers and varying compression
paddles weresedfor the study. The results from this study demonstrated a difference
between the readout thickness and the meashiahess, whiclvaried between units

of the same model and between manufacturers.

The results of this study assisted in defining the methods for the next pghg of
research ensuring that machine variables were taken into consideration and
confirming that the sammammography machine was usedhe research studies.

The next partthe research was to establish if practitioner varidatigdhe application

of breast compression was actual and not just defined to the client sample in the first

study.
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4.3 Confirming existence of compression force variation andlentifying
possible client effectgobjective 1 & 2)

The research so far had identified that variations may exist in the application of
compression force between and within practitioners. Itima®rtant to replicate the
method and develop a furthesingle centre stud{’®*"), whilst addressing the
shortcomingsrom the previous study?¢"" | to enablethe researchép substantiate

theresearcloutcomes.

4.3.1 Design phase

In the earlystages of the development it was important to recognise that the results of
the breast thickness readout stddy*"" defined the method for this researdly
ensuring that the same mammography machine that was used in the previous study

(Paveril \wasutilised to negate any variables in equipment.

During the design phase for this research it was deemed essential that the focus remain
on the clients variation of compression force over a period of time within the
NHSBSP couldgootentiallyhave profounceffects ona ¢ | expemidnée sand may

affect the uptake rates to the service. In order for this to be factored in, instead of
increasing the number of clients for analysis, the study was designed to progress
longitudinally over sequential screening maagraphy in order to specifically take

compressioreffects over time into account.

It was decided that a different cohort of clients would be utilised and three consecutive
screening images analysed. This was deemed essetiti@lirethod definitiomat this

stage. Th&NHSBSP requires serial imaging to occur at regular intervals, wages
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reviewed to assess for subtle changés;ompression force variability between
practitioners existed themcomparisometween images over time may become more

challenging and cancer detection may be compromised.

The same exclusion criteria were hpg as the single centre study*"") and
included 500 clients over 3 screening roufid®® ). The sample was gathered
retrospectively from the same mammography system as the first study to enable direct

comparison and minimise design error withchine given thickness and readtis’

I).

4.3.2 Results

The results from this longitudinal stud?**"¥) highlighted that practitionershad
similar compression force means as the single centre Sty (rank sum
correlation coefficient =0.9). The practitioners performed similarly in their
compression force behaviours for both client datasets. This highlighted that
practitioners were not altering their compression behaviours for clients with different

breast sizes, but applying compressiof or ce wi t hin their own ¢

Importantly, the study results demonstrated that compression force varied over time
and this was dependent upon the practitioner who imageddi¢éiné For aclient who

was imaged with a practitioner from a different compression group on each attendance
breast compression force values were significantly different (p<0.006#&)breast
thickness reductiomwas also significantly different betwegnoups, suggéisg that
therewas significance to the application of compression force in the reduction of

breast thickness.
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Significantly, as this wasa retrospective sample, mean glandular doses were
retrospectively analysed for clients who had been imaged frontitmaers in
different compression groups on each attendance. It was highlighted tteatain

cases, the larger thickness reductions resulted in lower mean glandular doses (MGDs).
Thoughd test® i n dthattleseemdre not statistically significamtsome cases,

there has to be consideration of clinical importaindeses should be kept as low as

practical.

4.3.4Recognised shortcomings

As with the previous researctihe design of this researetias limited due to the
utilisation of analogue mammogram images as they were readily available and a
retrospective study data set was easily collated. In 2011 it would have been impossible
to undertake a retrospective study of 6 years with digital imaging. It may though have
been possible tdesign a prospective study commencing in late 2010 at some centres.

Data collection for this though for such a study would have continued into 2016.

The key shortcoming of this project was in the data collectionutdi@ed It was only
apparent, upon data extraction, thatfxeel spreadsheet was inappropriate to enable
the generated reports requirgktcordingly anAccess Databaseas developed in
support of thisandfuture work within this area. It was apparent to the researcher that
this was the second time that data gathering and analysis haa kegissue with the
research and it was essential that this was addressed prior to any as#¢iaech work

was undertaken.
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4.35 Further developments
Practitioner compression force variation in application was apparent within a different
dataset and over a period of tijrt@ghlighting potential client and image quality
effects (objective two) wiihh one screening servicBurther research was required to
now clarify objective one within other screening centres and to establish:

1 Objective 2 Realise potential consequences to image quality and identify

possible client effects resultant from any coesgron force variations.
and

1 Objective 3Proposecompression force ranges in mammography
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4.4 Compression forcegangesthrough optimisation (objectives 2&3)

On reviewing the literature it was clear there Wtk published evidence on the
optimisation of compression force in mammography; almost no empirical data was
available to describe how the breast behaved under compression force. This may begin
to explain why the NHSBSP guidance is deficient and wisydkpect of practice,is

in theopinionof the researcheinadequately quality assured.

4.4.1 Design phase

A research study was therefore designednnattempto determine a method for
compression force cessatimhen to stop applying breasbmpression force). This
would hope to establish local compression force stand&fé8) which may then be

taken forwards to develop future mammography practice.

Theresearch team was developed and included an MSc student who would lead this
studyin respect to data collection. The study was carried out within a symptomatic
breast unit andconsisted of 25Clients who had compression force and breast
thickness levels recorded during compression application prior to imdgings
decided that this wdd commencet 50N (5daN) and increased through 10N (1daN)
increments until the practitioner had reached the termination compression force and
thickness for the clie@ mammogramThe termination force was chosen subjectively

by the practitioner takingito accountlienttolerance

It was established that assessments waghinbe made on BRADS breast density

as in the previous studies that encompassed this thesss deemed imperative to
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do this withinthis study as it was envisaged that the compression forces required for

breasts of different densities would be different.

4.4.2 Results

The results established that there were almost no differences between compression
forces in all BIRADS densities upot 110N (11daN). It was recognised that this may

be due to the machite limited precision for thickness measurements (minor

compressibility differences may exist but the machine cannot differentiate them).

Differences were highlighted between the smatl $he medium/large compression
paddles. The small paddle was used exclusively on small breastaandnilting;

for these breasts there tends to be less mobility with a much smaller compression
capability range. The madain and large paddles utilisettidilt and the previous study
(Parer) notedthat larger thickness readout errors were associated with tilting paddles.

The differences therefore coudé partlyowing to precision.

The key findings from this studwere thatthree different gradient zones were
identified (the gradient being the amount of reduction in tissue thickness per unit of
compression force). The three zones established concurred with high, medium or low
rates of banges/gradients. In the high gradient zone a high level of thickness reduction
is achieved with relatively small amounts of compression force. In the low gradient
zone the amount of thickness reductias relatively small compared with the
compression fice required to effect that change. In this zone the resistance increases

rapidly, andthe potential for discomforthought alsdikely to increase per applied
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Newton of compression force. The benefit of applying additional compression force

from the pointof entering this zone by practitioners ought to be questiGAd’.

The important factor from these results were that there was a lack of difference in
gradient zones between -BIADS scores. This meant that any application of
compression force ceation models could be appligdthe clinical setting without

any adaptation for breast density. It was also important to note that the previous
compression force resear€e"") had established that compression force levels and
thickness levels weraot statistically different between #RADS breast density

grades.

The results of this study demonstrated that practitiogarsn latitude for clients who
experience pain/discomforshould enter the idle gradient zone and attemiat

reach but notnecessarily entethe low gradient zone before ceasing the application
of compression. For this one machine termination of compression force application

was to begin approaching 130N.

The results of this work@"® ') provide a strong indication that there is the ability to
provide practitioners with the required guidance and standards in the application and
cessation of compression force. It is clearly acknowledged that for this one
mammography machine in thisudly, terminations of compression force at 130N
would be accepted as the most beneficial to thickness reduction, termination in the
high gradient zone would not be acceptable (when breast thickness levels were highly

affected by compression force). Terminatin the middle zone could be acceptable.
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As such a range of termination from 90 to 130N could be provided as guidance for

practitioners on this machine.

4.4.3 Summary

In summary a method has been identified to minimise practitioner variability. It is
important to recognise that population specific resistance scales would have to be
completed at NHSBSP screening service and for different manufacturers. These
resistance scal@gould help to standardise local practice and serve as an audit tool for

QA standards.

4.4.4Recognised shortcomings

The first shortfall in this study was that it was conducted in a symptomatic service.
This was due to the fact that the researcher gathering the information was based within
a symptomatic servic& he research within this thesis mainly focused on screening
units. Though the tweervices g hand in handt would have been beneficial to either
centre the work on screening clients or use two cohorts of clients; one symptomatic

and one screening.

It is clear following the research outcomes, that this research would have been best
conducted on a variety of mammography units in different locations simultaneously.
Though this research has ascertained a very stoatgpme, itwould have been
beneficial to have compared this to results from many other mammography systems.
Though this is a recognised shortfall in this study it can be taken forward for future

research in this field.
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The main shortcoming of this paper developed into the adhrantagef this paper.
The paper had i nadvert en tologuialsinsomsianth t he
clinical practi c eAletteroorthe éditooahtherjoairaas, o which f or c
this paper was published, was generated and a responsdrgivetme authorsThis
6coll oqui al errord® was indeed the making
nowongoingbetween the two research gpsudevelomg researclproposalsentered

on a pressure based compression application system.

CHAPTER FOUR: CRITI@GL APPRAISAL



4.5 The effect of varying compression force upon image quality (objective

2)

Following theresearch outcomes from thimgle centré’@** Yand longitudinal stoly

(Paver Viiggether with th@utcome from thecompression force cessation papé ",

it was deemed necessary to begin evaluation on the effects of compression force upon

image quality.

4.5.1 Study design

The longitudinal stud{*°"V haddefinedthirty nineclientswithin its data outcomes

who had received markedly different compression forces on each successive screen
(low 6 to 7.4daN, intermediate 7.95 to 9.6daN and high 11.45 to 14daN). A study was
therefore designeéd " Vto evduate the image quality of the mammogram images of
these clients for thethreescreening episodes. Due to the variation in scoring image
quality (IQ) scales the study method utilised three different 1Q scales, two of which
were not evidence based; thdidity of these scales was assessed in the method
design. One of these three 1Q scales was a new scale developed through psychometrics

at the University

4.5.2 Results

The results of this study?**" V) highlighted that thehreeimage quality scales we
positive and highly correlated (0.82, 0.9 and 0.85) indicating that they evaluated
similar image parameters. Even thouh mammograms, from an individual client,
had statistically significantly differerdompression foree theimage quality scores

did not vary significantly.
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Correlating the results of this stu@§®" \) with the cessation of compression force
study PaPe" ) support the requirement of standartts guide practitioners in
compression force applicatiolt.has been demonstratetthoughonly from a small
sample, that visual image quality was not affected by changes in compression force
from 6 to 14daN. This is an important finding which could haae reaching
implications; though it is very clear that research into lesion visibility at different

compression forces is required.

4.5.3Recognised shortcomings

The dataset for pap&i was directly sourced from the outcomes of the longitudinal
study daaset?*" YV and, as such, did not have a formalised study design. As image
quality descriptors arsubjective, itwould have beemmore advised to formulate
research based on a clinically realistic breast phantom assessing visual image
perception and lesion visibility to validate this outcoifieis, howevercan be taken

forwards for future research in this field.
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4.6 Confirming the existence of practitioner compression force variation in
multiple screening centres (objectivel2 and 3)

Prior to confirming if there was any practitioner variation in compression force within
other centres, it warecognised in the design phase for this research, that multiple
users would be scoring mammogram images feRBDS breast density. Though this

tool is well recognised and established within mammography, it was important to
ensure that inter and intraenator validity was acceptable prior to the research being
established. As such, a study was designed in order to determine observer performance
for breast density estimation and to achieve consistency in the following research

projects.

4.6.1 BFRADS casistency across multientres

In accordance with Let al[2010], the method for this research was designed in order
to be able to provide simple, reproducible evaluation for observer performance and to
achieve consistency in additional research projéafty. mammogram imagesere
scoredfor density grade by eight observer§® "V atthe three sites which were to be
used for the mukcentre study’?" V" together with one observer from thegimal

study site who scored the previous research infagés' a4V,

Design phase

During the design phase of this study advice was sought from a breast researcher ¢
another University who had recently carried out a similar pr@adte A et al.2011];

she was bought into the research team and had an effect on how the project wa:
steered. Fifty film -screen mammogram images were drawn fromaaonymised

University film library. Images were scored by each observer independently, under
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the same viewing conditions, blinded to the findings of other observers. To provide
data to assess iatpbserver variability, mammography image sets were scored on two

iterations with an interval of at least two weeks, to minimise recall bias.

Data analysis comprised @fithin observer variability (intrabserver variability),

usi ng Cohenbosavtiangg andetwveahobstrger variability (inter
observer variability) by Cdhen's Kappa Geabues 0 s
agreements between tvabserversFleiss's Kappa measures the overall agreements

between all the observers.

Results

Identifying the level of agreement which is acceptable for research purpose was
difficult with no defining system in place. The baseline for acceptafites research

was set at strong agreement or above (0.61). It Vgasestablished that the delta
variance between readers should be 1 or lower. The results demonstrated six of eight
observers achieved strong intshserver agreement (Kappa >0.81) with no observers
demonstrating a delta variance above 1. ioteserver vaability was analysed twice
andFleiss' Kappa was used to evaluate concordance between all observers on first and
second iteratin; first scoring Fleiss kappaO=64, second iteration =0.56. It was
highlighted that each time an observer was paired witkerebs 7 who had low
agreementgorrelations reduced, observer 7 was extracted for the purpose of this
analysis in order to set an acceptable baseline level at strong or above. All other
observers were thus accepted for participation into further resstudies together

utilising BI-RADS breast density gradifig® .

a
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4.6.2 MultiCentre study progression

Established very early in the research design were the NHSBSP centres to be used and
the 6dobserversdé who would grade the mamm
the mammography images. The observers definethéprevious study’2**" "V as

having stong inter and intra reliability; this deemed essential bgtlal[2010].

Design phase

The multicentre study assessed 3 consecutive analogue screens of 500 clients from
each location. The same tested method and exclusion criteria applied as the previous
single centre longitudinal study?**" V. As it was well established that clients often
compared experiences from previous examinatiRnisinsonet al, 2013], consecutive

screening images were agaieemedessentiain method design.

975 clients metheinclusion criteriaacross three site2925 mammography images
Data analysisocusedon compression force (N) and breast thickness (mm) variation
over 3 sequential screens to determine whether compression force and breast thickness

were affeted by pactitioner variation§ 2P V!,

Results

The results from this study demonstrated that compression force over 3 consecutive
screens varied significantly at each sitewas demonstrated that site three had a
dictate of a minimum value of compression force application to its practitioners

(100N) whereas site one and site two did not.
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Site one and two demonstrated no significant difference in both the mean values for
the CC (p>0.5) and MLQ@rojectiongp>0.1),though site one and three, together with
site two and three did (p<0.0001). Variation was highly dependent upon the
practitioner who performed the mammograkh site one practitioners fell into one of
three practitioner compression groups by their conspyasorce meanalues; high

(mean 126N), intermediate (mean 89N) and low (me#&t) 677"V,

Minimum and maximum compression force values in thep@ectionranged from:

Site one 47N to 122N (75N), site two 42N to 114N (72N), site three 103N8MN 1
(55N). For the MLOprojection site one 65N to 136N (71N), site two 48N to 139N
(91N), site three 103N to 163N (60N). ANOVA of percentage changes were calculated
for MLO and CC views. In the MLO view sites one and three, together with two and
three deronstrated 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 held true for each BRADS grade”@er Vi,

Breast thickness levels demonstrated timeestnemes; in both the CC and MLO views
across each BRADS grade site one and two demonstrated no significant difference
(>0.5) whilst site one and three together with site two and three did (p<0.0001). This

held true for mean values and first and thiveudile valueg @ V1!,

Recognised shortcomings
This research project was large with a significant number of data sets (a potential of
6000 data sets from each location) for analysis. It was recognised vgrgrearidata

collection that a more robust method was required for analysis. As such a member of
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the research team from the University designed a more robust method of data
collection utilising an access database system. This system was then testedridr use
then rolled out for use in the other two centres. This system allowed for ease of data
manipulation and datAndings, whichwould not have been possible previously. It
was a shortcoming that this was not identifisdhe design phase of the previous
longitudinal study”#*" Y and this significantly held up data collection and the start of

the project.

Summary

In summary, this researci#®® V' firmly established that the amount of breast
compression force applil by practitioners was not consistent across three NHSBSP
screening sites, nowas the resultant breast thickness. This research clearly
demonstrates thahe practitioners from thiereast screening units behave differently

in the application of compressi force when undertaking mammography. Greater
consistency between practitioners in the application of compression force for clients
is exhibited when guidance dictates a minimum compression force. This may have a
positive impact on image quality compansmver time, radiation dose and potentially
cancer detection. The large variation could negatively impact on client experience;
resulting in varying pain on each attendgnpetentially reducing rates of e

attendance and cancer detection.
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4.7 Researchntegration

The research was integrated and summarised into a final reep&rrequested by

the editor ofan annual radiographjournal ®@¢" V), Unfortunately, this paper was
producedprior to the multicentre studsults being availablé®® V", This paper
collated thekey elements of research work contained within this thesis and within the
University developed mammography research tediwas intended to have an
insightful impact on the mammaography field. It was published immediately following
the Francis reporfFrancis, 2018 and as such the readers were reminded of the

importance of qualitynd standardis healthcare.

Firstly, the paper articulatehat mammography is wedistablishedthough there is

little published empirical research into practitioner compression force application. It
then recognisthat literature within this field provides viewpoints, though few are
based upon quality evidenbased results. The paper summariget compression
behaviours amongst practitioners have been explosbith may influence
compression force practigRobinson et a 2013] and suggest cessationguidelines
basedupon the work carried out within thteesis. It summariskthe variability in
compression forces by practitioners, highlighting the wooknpletedwithin this

thesisandconfirmed the researdtarried ouby Poulos and McLeanoo4].

4.7.1 Recognised shortcomings

It was unfortunate that this paper was published prior to the results of the multicentre
study®arer Vi) being available; this was mainly due to the fact that the design of the
database for the multicentre study waseftactivelyplannedn the initial stages and

this slowed down data collection considerably.
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4.8Key researchfindings
The key esearcHindings from this thesis worltrediscussed in line with the research

objectives:

1 Objective 1 Establish the extent of compression fonariations within
NHSBSP

To date the research contained within this thesis is the only focused work within this
field of breast compressioihe researchperformed by the author of this thesis,
firmly concludedthat there is compression force variation amongst practitioners
within the NHSBSP Multicentre analysis (4500 client visitspnfirmed variation of
compressioriorcevalues across the three sites, with CC average at site one 86N, site
two 84N, site threeZ5N. 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

0t wo and t hrdeetdbwo 6Sidenso msotnreataend no si gni f

MLO p> 0.1). These levels of significance held true within eaciRBDS density

classification.

1 Objective 2 Realise potential consequences to image quality and identify
possible client effects relsant from any compression force variations.
It is clearfrom this research thatompression force variationgerenot reflected in
any measured changevisualimage outcomen the grading scales uséd a cohort
of clients (1500)widely variant compression force levels over longitudinal screens
were demonstrated;as displayed by MLO/CC projections clients underwent a

55%/57% (site one), 66%/60% (site two) and 27%/26% (site three) change in

CHAPTER FOUR: CRITIGL APPRAISAL



compressin forces through their three screening vislisis research demonstrated
that measured differences in image quality sconese not reflectedwith large
variations in compressidiorces the IQ scores not varyingignificantlyeven though
different compression levelsere applied (Kappa: 0.92, 0.89, 0.89Y2" V) |t is
recognised though that image qualgya complex area; having to assess and score
with multiple confounding factord.esion visibility researchinked to image quality

has yet to be establisheadthin this field.

It is apparenfrom this researclhhat variation in compression force over sequential
screening attendances has been recognised and this could have an impact on client

experience.

1 Objective 3Proposecompresion forceranges in mammography
Importantly, it has been establishiedm this researchthat there is a compression
cessation scale that can be developed on an individual mammography unit level
suggeted between 9030N offorce@P¢"), Practitioners would have a guided scale
for compression forcenal cessation of forgehis being thesame for both the CC and
the MLO projectionin all BI-RADS scalesSuch a scale could standardise local
practice and serve as an audit tool for QA standards. It is recognised that tineegcale
have to be developed on a site by site basis and for individual manufaahdesuld
then be utlised to form cessation guidelistandards for mamography compression

force.
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4.8.1 Key research outcomes

For the first time in the NHS breast screening service gthilenced based research
hasdefinad that there are practitionerariationsin breast compression application
Acrossthree screening sites the compression force variations were defined in the CC
projection as: ite one 47N to 122N (75N), site two 42N to 114N (72N), site three
103N to158N (55N)In theMLO projection assite one 65N to 136N (71N), site two

48N to 139N (91N), site three 103N to 163N (60N).

Implications for successive client screens have been noted with clients seeing different
percentage changes in compresgaces across three successive screensniigmt
on the screening site they attend, the MLO projection: site one 55%, site two 66%, site

three 27% and the CC projection: site one 57%, site two 60% and site three 26%.

Cessation guidelines have been psam(between 90 and 130N of fordey the \ery

first time sincethe breast screening servidagroduction in 1988These guidelines

are now being introduced within timationalmammography training cée that the
researcher manages and within a new mammography academic book that the

researcher Isaceedited and cauthored.

Though clients experience compression foreariations both over time and in
different screening locationsvith significant differences demonstrated (p<0.0001),

there areno subsequent significant difference in visual imaugality.
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4 9 Future work

Future workin this field is now bing developed inthreeways.

Firstly the researcher is one of three editors in a mammogreyidgnced based
academicbook due to be published iarly 2015. This bookhas an international
authorship andé aimed at an international audientteés hoped tchave high impact

on practitioner trainees and current practitioners in the fandguide practitioners

in new evidenced basegrinciples As a ceauthor, key themes from this thesmn
compression behavioursave been introduced, together with the introduction of
cessation guidelines of ABON of force and the importance of standardisation over

sequential screening

The research that has arisenaadirect outcomef the research contained within this
thesis is also contained within this mammography book (Chapter 6, Figure 6.1). It is
considered that this academic mammography book would not have been achievable

without theresearcltontained withm this thesis

Secondly, discussions are underway with a compapplparaAnalyticE and
VolparaDensit§f , Volpara Solutions Wellington, New Zealaridd whose software has been
developed, not only to estimate breast density, but to collate a number of factors
ascertaining to the digital mammogram image which can be analysed to provide
reports @ practitioners. This researttas an aim to run for a number of y@#o
establish practitioner behaviours in more detail. This will be the first large scale

research in this field.
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Finally, and considered most purtantresearchdevelopment in this fieldis the
collaboration with researchers from the Netherlands who have designed a compression
paddle based upon pressure fqoeeGroot et al 2013 De Groot, Broeders, Branderhorst, den
Heeton, & Grimberger2014. The design is completthough no clinial trials have been
undertaken with this pressure paddithin the UK Discussions are underway to plan
several research projects in this ateaun from 2015 and 2016 with the researcher

being the principle investigator.
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4.10Summary andrecommendatons

It is important to identify the effect that this research will have for clients within
screening and symptomatic servicédentification that practitioners vary in the
compression force they apply over sequential screening attendances coulthhave
impact onclient experience and potentially reduceattendance rates and cancer
detection. Establishing guidancg 9G130N of forceto allow a set range of
compression forces may have a positive impager time on image assessment

together with potetial cancer detection.

This research demonstrates tlpaiictitioners in soméreast screening units behave
differently in the application of compression force when undertaking mammography
with significant differences in mean compression values betweadatitmners
(p<0.0001 for each BRADS density) Where guidance dictates a minimum force to

be applied this results in greater consistency between practitioners in the application
of compression force for clients. This may have a positive impact on inuadjéyg
radiation dose reduction and potentially cancer detection; though may also have a

negative impact on client experience.

Though it is recognised that effects on client experience are multifactbead, is
potential for this large variatian compression forcm certain breast screening units
to negatively impact oglientexperience by resulting in varyimtiscomfort / pain on
each attendance. This could therefore potentially redates of reatendance and
therefore reduce cancer detectigks variation betweersome screeningites is

apparenta client moving location could have strikingly different experiences.
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In summary, this research has firmly established that practitioners vary in the amount
of compression force applied during mammography over sequential screens and in
different mammography units. The compression force that it applied is not consistent
through screening cycles. As such, correlation between previous imagesbeould

impaired.lt hasalsobeen established that there are three compression force gradients,

enabling the development of compression force cessation guidelines.

These key research @imgs can define that change is required within the NHSBSP
within the compression force field. No standards are available to guide practitioners
on the amount of compression force to apply; this research has established a need for
such guidance to prevalit.standards are established then the effects on repeated client
experience over timmaybecome apparent; expectantly an increase-attemdance

at screening could be established as the client will have siogtapression force

experiences throughothte screening programme.

Dissemination of these cessation guidelines and the importance of standardisation
through successive screens is ongoing by the researcher though the academic text book
to be published in 2015, conference proceedings, and ditecteyv mammographers

practitioners through the national training centre that the researcher manages.
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Purpose: To establish a simple method to determine breast readout accuracy on mammaography
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
mammaography (FFDM) units (8 units in total; & different modelsimanufacturers) for two different
sized paddles and two different compression forces (60 and 100 N},

Results: The difference between machine readout and TMID for the breast area, when applying 100
N compression force, for nonflexible paddles was largest for GE Senographe DMR+ (24 cm = 30
cm paddle: +14.3%). For flexible paddles the largest difference occurred for Hologic Lorad Selenia
(18 cm » 24 cm paddle: +26.0%),

Conclusions: None of the units assessed were Tound 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. © 2002 American Association of Physicists in Medicine,

[DOL: 10.1118/1.3663579]

Key words: mammography, breast thickness, breast compression

I. INTRODUCTION

Accurate breast thickness estimation is required in order to
calculate the mean glandular dose (MGD)."* Accuracy is
also required for density measurements (which can be used
for predicting breast cancer risk)* and for estimation of
breast tissue volume,”® Compression paddles may deform/
tilt during mammography and this can lead to differences
between the actual and readout (displayed by the mammog-
raphy machine) thickness of the compressed breast, Under
realistic clinical imaging conditions {phantom-simulated)
this study aimed to conduct a comparative analysis of read-
out versus measured thicknesses over a range of mammog-
raphy units,

Previous smdics have highlighted insceuracies with thick-
ness readouts of mammography machines; some of these
studies have also proposed methods which may provide a
better estimate of the compressed  breast thickness.> ™
Diffey er al." found a maximum variation of 21.1 mm in the

263 Med. Phys. 39 (1), January 2012
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chest wall to nipple direction, while the paddle deformation
in the lateral direction was found to be insignificant in com-
parison to the chest wall to nipple direction. Tyson er al”
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.” The
value of the methed developed by Tyson ef al.” was its accu-
racy; system use however is labor intensive, being highly
dependent on room lighting and also on image quality.
Mawdsley et al.” 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

2012 Am. Assoc. Phys. Med. 263
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documentation of the physical breast phantom characteris-
tics, 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.

Il. 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.

IlLA. Design, creation, and validation of breast
phantom

Three breast prostheses (small (220 em?), medium (360 em’),
and large (700 cm"). 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, Nor-
folk) 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 com-
pression 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 cach
phantom, the compressed breast thickness data were aver-
aged and normalized (the data were normalized to 1 for 40 N

Fio. 1. Breast mounted to semiflexible background plate and rigid torso.
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farce (N) for real breasts and the throe breast phantoms.

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 cor-
relation curve of the real breast, and it was found that the
compression characteristics correlated well, with a correla-
tion coefficient of 0.95. On this basis the large phantom
(700 cm®) was chosen as our breast phantom.

11.B. 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 ¢m, and height: 21.8 cm) were such that they would fit
the mammography machines/paddles that were w0 bhe
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 ma-
trix of 5 mm diameter holes drilled through it; the centers
were 20 mm apart,

I.C. How the study was conducted

The measurements were performed on different mam-
mography units from three different manufacturers [General

Fio. 3. Thickness measuring device (TMD) and rods.
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Tapve I Mammographic units included in this study.

265

Corpressed breast

thickness sccuracy OC: maximum difference

(specified by in measured and Flexible/MNonflexible
Lietion Manufacturer, Model SEMUFFDM  manufacturer) readout thickness" Paddle size paddle Tilting Nontilting
A GE Senographe BO0T SFM 1 mm *0dem 18 em = 24 cm Monflesible Wontilting
=1 mm 24 em = Mem MNonflexihle Nontilting
A GE Senographe DMR+ SFM 1 mm +01.5 em 18em = 24 cm Monflesible Teontilting
=10 mm 24 em = 30 cm MNonflexible Nontilting
B GE Senographe DMR+ SEM =10 mm +01.5 em 18 cm = 24 em Moriflexihle Neantilting
=10 mm 24 cm = M ecm Nonflexihle Nontilting
o Siemens Mammomat FFOM 3945 mm" {11 &m 18 em = 24 cm Nonflexihle Nontilting
Inspiration
Moem x Mem Moriflexihle Neantilting
B GE Senographe Essential FFDM =10 mm —0.3em 19 cm » 23 em? Nonflexible Nontilting
=1 mm 1% cm » 23 em® Flexihle Tilting
=10 mm 2 em = 31 cm Flexible Tilting
o Hologic Lorad Selenia FFDM =5 cm L1 em 18 cm = 24 cm Flexible Tilting
=5 em 24 em 30 cm Flexible Tilting
o Hologic Selenia Dimensions  FFDM =5 cm 0.1 em I8 cm » 24 cm® Flexible Tilting
=05 e 3 em x 29 em? Flexible Tilting
E Hologic Lorad Selenia FFDM =05 cm —0h4 cmi® 18 cm = 24 cm Flexible Tilting
=05 em Hem = 3em Flexible Tilting

“The thickness of a compressible phantom should be between 39 and 435 mm. The thickness of the compressible phantem (RMI 136, Gammes BMI,

Mlicllleton, Wl is 42 mm,

"In the UK the eompressed 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—HReadout thickness,

A nder- and for underestimation is considered equally faulty,

“All quality control measurements were conducted with o nonflexible paddle.

“Even if Hologic Selenia Dimensions and GE Senographe Essential were a bit different in size than the others, they are refered to as 18 cm < 24 cm (18 « 24)

and 24 em = Mem (34« 300 10 the figones,

Electric (GE Medical Systems, Buc, France), Hologic Inc.
{Bedford, MA} and Siemens (Siemens Healthcare, Erlangen,
Germany)]. Both sereen film mammography (SEM) and full-
field digital mammography systems (FFDM) were included
{Table 1). This selection is representative of machines that
were in clinical use at the time of the study. Two different
paddle sizes, standard [approximately 18 cm= 24 cm
(18 24)] and large [approximately 24 cm = ) cm
(24 = 307 were used (Table T),

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-

Fio. 4. How the measurements were conducted.
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thesis resting on the bottom plate of the TMD. Twao different
compression forces were applied when compressing the
breast prosthesis (60 and 100 N).

In order to estimate the compressed breast thickness, the
distance from the top of the TMD to the top of the compres-
sion 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 TMID. 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 finger-
nail was measured using a ruler, This was repeated until the
height of the rod for all the holes that covered the compres-
sion paddle in question had been measured, Row | was
defined as the row parallel to the breast chest wall and clos-
est to the breast chest wall. Column 1 was defined as the col-
umn 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 (103) took approximately 20
min to conduct.

Mawdsley ef al.” defined a reference point along the mid-
line in the chest wall to nipple direction, 20 mm in from the
chest wall side. They found that for most images the maxi-
miuin height cccurred at this reference point, We defined the
same reference point in our study—hole in row 1, column &
{located 2.5 cm from the breast chest wall side of the imag-
ing table, and 18.00cm from the short edge side),

[ 82
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I.D. 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 1 (1)

where [ is the system readout thickness including the thickness
of the bottom plate. The thickness of the bottom plate (1) had to
be subtracted from the total readout thickness (D) in order to
obtain the readout thickness for the phantom (). The measured
thickness (M) of the object was calculated as follows:

M=H-i-p-1 (2)

[ Average/min/max measured breastarea) — Readout thickness

266

where H is the total height of the TMD, p is the thickness of
the compression paddle, and [ is the distance from the top of
the compression paddle to the top of the TMD. Using a ver-
nier caliper, the thickness of the compression paddles (p)
was measured to be LOO mm for Siemens Mammormat Inspi-
ration and 2.75 mm for all the other paddles in this study.
The area covering the compressed phantom (row 1 columns
313, row 2 columns 4-12, row 3 columms 610, and row 4
column 8) was defined as the breast area. The thickness for
the area covering the compressed breast phantom was meas-
ured (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-

Pe =
reentage 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,

ILE. 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, centered 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

3

deviation in the measured thickness varied between —1 and
2 mm (only one measurement varied with 2 mm) with an av-
erage of —0.04 £0.12 mm (95% confidence interval). Con-
cluding 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 ba-
sis to minimize random crror. The average difference
hetween the first measurement and the second measurement
{blind testing) was —0.17 = 0.07 mm (95% confidence inter-
val). Concluding from this their precision and repeatability
was more than adequate for this study.

IL.F. Quality control: checking the readout thickness

In the United Kingdom (the location for all the mammog-
raphy units in this study) the allowed difference between
readout and measured thickness is =35 mm."! Each machine
was tested every six months (Table I); all units were operat-
ing within manufacturer specification,

Measured

length of rod (I

Measured
thickness, (M)

Totel height of

phantom (4]

.
\

s

botiom plate of
Tl 1)

d
AN

/ ™D M)

——

M
-

Fic. 5. Diagram to illustrate the measurements performed to caleulate readout and measured thickness of the object.
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