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Summary of Contents 

Introduction: Contrast-enhanced digital breast tomosynthesis (CE-DBT) is a novel 

imaging technique, combining contrast enhanced mammography (CESM) with 

tomosynthesis, which may offer an alternative to MRI for monitoring response to 

neoadjuvant chemotherapy (NACT). Textural analysis (TA) may increase CESM 

accuracy, generating quantitative functional data.  

Methods: CONDOR was a prospective feasibility study in which women undergoing 

NACT were imaged with CE-DBT and MRI. Patient experience was investigated 

using questionnaires. The separate and combined components of CE-DBT were 

assessed; ie. Low energy (LE) mammogram, tomosynthesis (DBT), CESM contrast-

enhancement (CESM(CE)), combined CESM contrast and microcalcifications seen 

on LE (CESM(CE+calc) and the fully combined CE-DBT. Imaging techniques were 

directly compared for accuracy identifying multifocality, complete pathological 

response (pCR), residual whole tumour size (WTS) and invasive tumour size (ITS).  

Additional patients’ CESM images were acquired using either Hologic or GE 

equipment. Lesions were segmented with freehand-ROI and ellipsoid-ROI on 

craniocaudal (CC) and mediolateral oblique (MLO) views and textural features were 

extracted. Machine learning was used to build models for the classification of lesions 

according to malignancy, tumour grade, receptor status and pCR-status. CESM-

washout features were calculated by comparing enhancement on initial and delayed-

MLO views. These were correlated to MRI-curves. 

Results: Eighteen patients with 24 cancers were enrolled. Response prediction 

accuracy for pCR was 81.25% (95%CI: 54.35-95.95) for CESM(CE) vs 62.5% 

(95%CI: 35.43-84.80) for MRI; ITS concordance coefficient was 0.70 for CESM(CE) 

vs 0.66 for MRI; WTS concordance coefficient was 0.69 for CESM(CE+calc) vs 0.87 

for MRI. Accuracy for identifying multifocality was 94.6% (95%CI:81.8-99.3) for 

CESM(CE) vs 89.2%(95%CI:74.6-97.0) for MRI. No benefit from the addition of DBT 

was identified for any measure. On 77% of occasions patients preferred CE-DBT, 

with significantly better overall experience (p=0.008).  

All TA models for classifying malignant lesions were highly accurate. The 

Ellipsoid_ROI model performed better than FH_ROI; sensitivity 0.998 vs 0.953, 
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specificity 0.916 vs 0.891, p<0.05. Both-view model produced most consistently 

good results, followed by CC-view. There was no difference in AUC; 0.987 vs 0.988 

vs 0.985 for both-view vs CC-view vs MLO-view. Promising results were seen for 

prediction of ER-status. Model accuracy was poorer for prediction of tumour grade, 

PR-status, HER-status and pCR status, potentially due to small subset numbers. 

CESM-washout features generated from ellipsoid_ROI were significantly different 

between the MRI curve types. 

Conclusion: I have demonstrated that CESM has similar accuracy to MRI for 

identifying multifocality and predicting response to NACT, and is preferred by 

patients. The combination of CESM and low-energy mammogram – CESM(CE+calc) 

– increases the sensitivity for residual in situ disease. No additional benefit was 

afforded by combining CESM with tomosynthesis.  

I have demonstrated the first multivendor CESM classification model using textural 

analysis data to identify malignant lesions. Promising results were seen for prediction 

of ER-status. With larger datasets this may translate to more accurate pCR 

classification models. Successful quantification of CESM-washout was achieved with 

significant differences between MRI curve types. I recommend further work utilises 

segmentation Ellipsoid_ROIs on single-view CESM images. 
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Chapter 1. Introduction 

Breast cancer remains the commonest malignancy in women in Scotland, 

accounting for 29% of all female cancers in 2015, and 13.5% of female cancer 

deaths in 2016.1 An understanding of the underlying pathogenesis is critical for early 

diagnosis and distinguishing cancer from benign disease, to allow best possible 

treatment outcome. 

1.1 Histopathology 

Breast cancer is a heterogeneous group of malignant diseases of the breast, 

primarily arising from the terminal ductal lobular unit (TDLU) of the breast. This 

encompasses pre-invasive in situ disease to invasive cancer with varying hormone 

receptor profiles and histological grades.  

 

1.1.1 Ductal carcinoma in situ (DCIS) 

Ductal carcinoma in situ (DCIS) is a monoclonal proliferation of epithelial cells within 

the breast ducts. Whilst these cells have the cytological features of malignancy 

within the breast ducts, there is no stromal invasion across the basement membrane. 

In the majority of cases it involves a single duct system and is most frequently 

considered to arise from the TDLU. DCIS is considered a non-obligate precursor of 

invasive disease with variable malignant potential according to the histological grade. 

This grading system is based on the degree of cellular atypia, with high grade DCIS 

having the greatest invasive potential and therefore the poorest prognosis if left 

untreated. In high grade DCIS cells are pleomorphic and irregularly spaced. The 

nuclei are usually large, approximately three times size of an erythrocyte, with 

variation in size and irregular contours. Mitoses are frequent. It is often a solid lesion 

with comedo-type central necrosis and polarisation of cells is rare. By contrast, in low 

grade DCIS cells are monomorphic, evenly spaced with rounded, centrally-placed 

small nuclei (1-2 x erythrocyte). A micropapillary or cribriform pattern is common with 

polarisation of cells covering micropapillae or lining the intercellular lumina. 

Intermediate grade DCIS cannot readily be assigned to high or low grade; it 



 17 

demonstrates moderate nuclear pleomorphism with variable growth pattern and 

usually some degree of cell polarisation.2 3 

 

1.1.2 Invasive carcinoma 

By definition, for a malignant lesion to be classified as invasive, there is invasion of 

malignant cells across the basement membrane. There are a number of 

morphologically distinct invasive cancers. Of these, the most common is invasive 

carcinoma of no special type (NST), frequently described as invasive ductal 

carcinoma (IDC). Up to 75% of invasive breast tumours fall into this category which 

demonstrates less than 50% of special type morphology. Invasive lobular 

carcinoma (ILC) is the second most common histological subtype of invasive breast 

cancer, accounting for 5-10% of all breast cancer cases. The key histological feature 

of ILC is the loss of E-cadherin expression. E-cadherin is a calcium-dependent 

transmembrane protein that maintains tissue integrity, cell-to-cell adhesion and 

prevents tissue invasion. Thus, the absence of e-cadherin results in increased 

capacity for tissue invasion. Lobular tumours tend to be larger with ill-defined 

margins and multicentricity and bilaterality is more common.4 These tumours 

typically show oestrogen and progesterone receptor (ER/PR) positivity and lack 

HER2 receptors.5 

The remainder of invasive tumours is a diverse group of rare sub-types including 

tubular carcinoma, medullary carcinoma, invasive cribriform carcinoma, 

mucinous carcinoma and papillary carcinoma. These tend to be less aggressive , 

and therefore have a better prognosis that IDC.6 

 

1.1.3 Histological tumour grade 

Tumour grade is recognised as an important prognostic factor and is used in 

treatment planning, such as the decision to offer the patient neoadjuvant 

chemotherapy (NACT), chemotherapy prior to definitive surgery. The method used 

by pathologists to assess grade was originally described by Bloom and Richardson 

in 19577 and subsequently modified into the Nottingham Histologic Score System 

which is in routine use today.8 This method allows objective scoring of three tumour 

characteristics: tubule formation/glandular differentiation, nuclear features 

(atypia/pleomorphism) and mitotic activity. Each characteristic is scored on a three-
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point scale, and the sum of all characteristics provides the overall grade; scores 3-5 

equate to Grade 1, scores 6-7 to Grade 2 and the highest scores 8-9 to Grade 3. 

Provisional histological grade is increasingly calculated using tissue from diagnostic 

core biopsy. This is particularly important when alternatives to primary surgery, such 

as neoadjuvant chemotherapy are being considered. Meta-analysis data of 

concordance between histological grade calculated on core biopsy and subsequent 

surgical excision specimen shows moderate correlation (pooled agreement: 71.1, 

kappa: 0.54), with core grade under-estimating the true grade substantially more 

frequently.9 This discrepancy is primarily due to tumour heterogeneity and the fact 

that a core biopsy samples a relatively small proportion of the overall tumour. 

 

1.1.4 Oestrogen and progesterone receptors 

Oestrogen receptor (ER) is an oestrogen-activated nuclear transcription factor that 

regulates development and proliferation of breast tissue.10 Establishing ER status for 

invasive tumours is essential, and is used to determine whether a patient will benefit 

from endocrine therapy.11 12 The significance of progesterone receptor (PR) status is 

more controversial; although there is evidence that in combination with ER positivity, 

PR positivity confers a better outcome and likelihood of response to hormone 

therapy than ER positivity alone.13 

Hormone receptor status is assessed using immunohistochemistry as the method of 

choice.2 12 The most widely used method (the Allred score) is based on the sum of 

the assessment of intensity (0-3) and proportion staining (0-5) with the cut-off for 

positivity of >/=3.  Studies indicate that oestrogen receptor status of invasive 

carcinomas can be reliably assessed on core biopsy, although may be less reliable 

for progesterone receptor status.14-16 

 

1.1.4 Human epidermal growth factor receptor 2 (HER2) 

The human epidermal growth factor receptor-2 (HER2) is a tyrosine kinase receptor 

and plays a key role in one of the most important growth factor pathways in breast 

cancer. Over-expression of the HER2 protein is associated with aggressive 

histological features and poor prognosis.17 18 However, anti-HER2 targeted therapy 

confers benefits in neoadjuvant, adjuvant and metastatic settings.17 19-21 Thus, 

establishing the HER2 receptor status is both essential for prognostication and 
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treatment decisions and can be accurately assessed on core biopsy specimens.15 16. 

Her2 status is routinely assessed using immunohistochemistry; a score of 0/1 is 

considered negative, a score 2+ is equivocal and a score of 3+ is positive. 

Fluorescent in situ hybridization (FISH) is performed when initial analysis is 

equivocal.  

 

1.1.5 Classification of breast cancer 

More recently, gene profiling has been used to classify breast cancer. Initially the 

following three sub-types were identified; luminal-type, basal-type and HER2 

positive.22 Subsequent work demonstrated that the luminal-type could be further 

divided into luminal A, B and C subgroups. Whilst Luminal-C is not a routinely used 

subtype; luminal-A and luminal-B are accepted subtypes.23 As it is not practicable to 

perform gene profiling on all breast cancers in routine clinical practice, broadly 

equivalent subtypes can be identified according to receptor status as demonstrated 

in the following table.24 

SUBTYPE ER PR HER 2 

LUMINAL A Positive Positive Negative 

LUMINAL B Positive Negative Negative 

HER2 + Negative Negative Positive 

BASAL Negative Negative Negative 

Table 1: Subtypes with corresponding recep 
tor status 

 
 

1.1.6 Lymph node status 

The presence, or absence, of lymph node metastases is an important prognosticator 

and as such effects the stage of disease. Nodal disease is classified as isolated 

tumour cells (ITC), micrometastases and macrometastases. Both micro- and 

macrometastases are considered to be involved nodes; a cluster of tumour cells 

measuring 0.2-2mm is described as a micrometastasis and a cluster of over 2mm, a 

macrometastasis. ITC is the presence of single tumour cells or small clusters of 
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tumour cells <0.2mm in diameter and is not considered a positive node for staging 

purposes. 

Typically, lymph nodes that are considered suspicious on imaging due to the 

thickness of the cortex are biopsied. The majority of patients with pre-operatively 

proven lymph node metastases will proceed to axillary node clearance (ANC). 

However, for patients receiving neoadjuvant chemotherapy (NACT) there an 

expanding body of evidence that when complete nodal response is seen on imaging 

an extended sentinel node biopsy (to remove at least three lymph nodes), is safe 

and confers a reduced morbidity.25 It is important to note that in the neoadjuvant 

setting, micrometastases and ITCs may represent larger metastases that have 

responded to neoadjuvant therapy, and are therefore are considered positive. Nodes 

previously containing tumour often show fibrosis and scarring which may be useful 

for prognostication and treatment planning.  

 

1.1.7 Breast cancer staging staging26 

Breast cancer staging incorporates measures of disease involvement in the breast 

(primary tumour), regional lymph nodes and distant metastases. Two grading 

systems may be used; TNM staging as explained in table 2,26 and a numeric 

systemic explained in table 3. As patients with stage 3 disease have a significantly 

high likelihood of distant metastases, cross-sectional imaging staging is 

recommended.  

 Stage Definition 

Primary tumour (T) T0 No evidence of primary tumour 

 Tis DCIS and Paget’s disease 

 T1 Tumour ≤ 20mm 

 T2 Tumour > 20mm  ≤ 50mm 

 T3 Tumour > 50mm 

 T4 Direct invasion to chest wall and/or skin 

Lymph node (N) N0 No regional lymph node metastasis / ITC only 

 N1 Micrometastases or metastases in 1-3 axillary lymph 
nodes 

 N2 Metastases in 4-9 axillary lymph nodes, or ipsilateral 
internal mammary lymph nodes in the absence of 
axillary lymph node metastases 

 N3 Metastases in ≥ 10 axillary / infraclavicular lymph 
nodes; or 
metastases in ipsilateral internal mammary chain nodes 
+ axillary nodes; or metastases in ipsilateral 
supraclavicular lymph nodes 

Distant metastases (M) M0 No clinical or radiological evidence of distant 
metastases 



 21 

 M1 Metastases in distant organs or non-regional nodes 
Table 2: Summary of TNM staging 

 

Stage 1 Tumour ≤ 20mm +/- axillary micrometastases 

Stage 2 Tumour ≤ 20mm ≤ 50mm + 1-3 axillary or IMN metastases; or 
Tumour ≤ 50mm without lymph node metastases 

Stage 3 Tumour > 50mm; or 
Metastases in ≥ 4 axillary or IMN lymph nodes 
Local invasion of skin or chest wall, including inflammatory cancer 

Stage 4 Distant metastases 
Table 3: Numeric system of breast cancer staging 

 

1.1.8 Benign disease 

The priority of breast imaging and histological assessment is to identify patients with 

malignant lesions or those with malignant potential. However, differentiating solid 

benign lesions from malignant disease is frequently challenging on imaging alone, 

thus biopsy is usually necessary for histological confirmation. Exceptions to this 

include classical appearance of a fibroadenoma in a young patient and typical 

appearance of fat necrosis with a clear history of trauma.27 Common solid benign 

breast lesions  include; fibroepithelial tumours (fibroadenomas, phyllodes tumours), 

intra-ductal papillomas, hamartomas and fat necrosis. 

Fibroadenomas are benign lesions composed of a mixture of epithelium and 

connective tissue. Chronic lesions may demonstrate calcification and can present 

radiologically as areas of indeterminate microcalcification. Phyllodes tumours 

range from benign through borderline to malignant lesions. Benign phyllodes have 

more cellular stroma than fibroadenomas and are often larger in size. However, 

distinguishing the two lesion types on core biopsy alone can be challenging as the 

characteristic stromal features may only be present in parts of the lesion, therefore 

excisional biopsy is performed if there is any doubt to the diagnosis. Borderline 

lesions may be locally infiltrative with increasing numbers of mitoses present, and 

mild to moderate stromal cell atypia. Malignant phyllodes tumours, which are rare, 

have highly atypical sarcoma-like stroma. Papillomas are intraductal lesions with a 

central fibrovascular core with an overlying myoepithelial and epithelial layer. They 

may occur as solitary lesions, typically in larger central ducts close to the nipple, or 

as multiple lesions (papillomatosis) predominantly involving the peripheral TDLU.2 

Hamartomas are pathologically indistinct lesions composed of varying amounts of 

benign epithelium, fibrous tissue and fat.28 Diagnosis is invariably made by 
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correlating radiological and pathological findings. Fat necrosis is a sterile 

inflammatory process, usually preceded by trauma although this may not be recalled 

by the patient. Thin capsules or lipid cysts may be present in areas of fibrosis. 

Chronic lesions may present as oil cysts frequently with ring-like calcification present 

in the cyst wall.29  Benign breast changes such as sclerosis, inflammatory change, 

fibrocystic change and fibrosis can also mimic a malignant lesion on imaging. 

 

1.2 Imaging of breast cancer  

Breast imaging is used for screening, diagnosis, local staging of breast cancer and 

monitoring of response to neoadjuvant therapies. Conventional imaging, which has 

established long-term use includes mammography and ultrasound. 

 

1.2.1 Mammography 

Mammography is a radiographic technique designed specifically for imaging the 

breast. It is required to demonstrate both microcalcifications that may be 100nm or 

less in size with high inherent contrast, and soft tissue abnormalities with much lower 

intrinsic contrast than in general radiography. Therefore, low-energy x-rays are 

utilised with an exposure time of up to 2 seconds. Initially single view mammography 

was used but after a large randomised trial demonstrated an increase in cancer 

detection rate of 24% with two view mammography, this became standard practice.30 

The standard views now performed are craniocaudal (CC) and medial lateral oblique 

(MLO). Additional views are used for problem solving, including lateral, rolled, 

magnification and focal compression views. For each view, the breast is positioned 

on the support platform enclosing the digital detector and held in place by the 

compression paddle. Compression reduces breast thickness, dose, patient 

movement, composite shadowing and improves unsharpness. 

Mammography has been improved by the conversion from analogue (film-screen) 

mammography to full field digital mammography (FFDM). The overall diagnostic 

accuracy using digital mammography is similar to film-screen but increased accuracy 

is seen in younger women and those with a higher proportion of fibroglandular tissue 

and therefore denser breasts.31 
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Whilst mammography has a population based sensitivity of between 75% and 80%,  

this is significantly reduced in women with dense breasts, dropping below 50% in 

those with extremely dense breasts.32 33 Furthermore, mammography does not 

provide any functional information, thus differentiating between treated fibrotic tissue 

or scarring and recurrent or residual tissue is challenging. 

 

1.2.2 Ultrasound 

Handheld grey-scale ultrasound is predominantly used for targeted imaging to further 

characterise clinical and imaging abnormalities and to guide tissue biopsies. It is 

possible to diagnose certain benign lesions, such as simple cysts, using ultrasound 

alone.34 In 1995, Stavros35 published strict diagnostic criteria using ultrasound to 

identify benign solid masses with a negative predictive value of 99.5%. This work 

has been used to inform guidance regarding the diagnosis of classical 

fibroadenomas in young patients on imaging alone.27 However, with a positive 

predictive value of only 38% and a specificity of 67.8% the majority of solid masses 

continue to require biopsy. Grey-scale ultrasound has limited use in non-targeted 

imaging, is heavily operator dependent and does not provide functional information. 

Colour Doppler imaging and power Doppler imaging are established, widely 

available techniques which provide an indication of lesion vascularity.  Doppler 

features suggestive of malignancy include; central vascularity, hypervascularity and 

penetrating or branching vessels. However there remains a significant overlap 

between the Doppler appearances of benign and malignant lesions.36 37 

 

1.2.3 Advanced nuclear medicine imaging techniques 

To overcome some of the limitations of the aforementioned conventional imaging, 

advanced ultrasound, radiographic and nuclear-medicine imaging techniques and 

breast magnetic resonance imaging have been developed.  

Scintimammography or molecular breast imaging (MBI) is a nuclear medicine 

technique in which patient have intravenous administration of tecnicium-99m (Tc-

99m) sestamibi. Imaging of the breast is then performed using a gamma camera, 

with an acquisition lasting approximately 10 minutes. Rounded foci of abnormal 

enhancement within the breast are considered suspicious for malignancy.38 

Regarding detection of malignancy, scintimammography has high sensitivity, 
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equivalent to MRI (89-96%) which is maintained even in dense breasts. Indications 

for this technique include supplementary screening in dense breasts, high-risk 

screening, assessing response to neoadjuvant chemotherapy.39 However, the 

anatomical detailed acquired at MRI is not achieved with scintimammography. 

Furthermore, there may be logistical difficulties integrating the use of this technique 

into a breast imaging pathway, as it usually requires a dedicated room and access to 

an accredited nuclear physicist.40 

Positron emission tomography (PET) is a whole body imaging technique, which uses 

a positron-emitting radiopharmaceutical, fluorodeoxyglucose (FDG), to identify foci of 

abnormal metabolic activity, as seen in malignancy. This technique can be combined 

with computed tomography (CT) images, which demonstrate structural and 

morphological characteristics, to produce PET/CT images.41 With respect to breast 

imaging, PET/CT has utility for staging of local, regional and distant disease and may 

be useful for monitoring response to neoadjuvant chemotherapy and response to 

chemotherapy in metastatic disease.42 

 

1.2.4 Advanced ultrasound imaging techniques 

Contrast-enhanced ultrasonography (CEUS) is a relatively new technique which 

utilises intravenous microbubble contrast agents which result in enhanced 

backscatter of ultrasound waves and therefore increased amplitude of flow signals. 

This provides an indication of the microvascularity of a lesion. Use of early contrast 

agents was largely unsuccessful due to the fragility of the microbubbles when the 

high frequency probes required for breast ultrasound were used. Greater success 

has been seen with second generation contrast agents. Features suggestive of 

malignancy include; peripheral or heterogeneous enhancement, penetrating vessels, 

early intense wash-in and fast wash-out. The addition of CEUS to grey-scale 

ultrasound has been demonstrated to improve diagnostic accuracy; however, there 

is a wide range of both reported sensitivities and specificities; 64-100% and 38%-

97% respectively.37 43 Shear wave elastography is a method that quantifies lesional 

and perilesional stiffness. This technique has been demonstrated to aid 

differentiation of benign and malignant lesions as the latter demonstrate increased 

stiffness. Emerging evidence suggests it may also be useful for differentiating 
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histological types of breast cancer and predicting outcome of neoadjuvant 

chemotherapy.44-46 

 

1.2.5 Magnetic Resonance Imaging (MRI)  

MRI utilises a superconductor magnetic field to polarise and align the protons within 

the bodys tissues. When radiofrequency (RF) pulses are passed through the body 

the protons spin out of equilibrium. The MRI sensors detect the energy released as 

the protons ‘relax’ and realign with the magnetic field. Due to the variation in the 

relaxation times of protons within different tissues, high resolution images can be 

produced.47  

Contrast-enhanced MRI (CE-MRI), characterises the vascularity of lesions through 

the use of intravenous (IV) gadolinium-based contrast medium. Prior to MRI image 

acquisition the patient is cannulated to allow administration of contrast. The patient is 

then required to lie prone within the MRI scanner, with the breast immobilised with a 

breast-specific RF coil. The scan can last up to 40 mins whilst various pre- and post-

contrast sequences are performed. Neo-angiogenesis, the formation of new blood 

vessels, is a recognised feature of tumour growth.48 Analysis of lesion enhancement 

is indicative of lesion vascularity thus allowing acquisition of functional data. Rapid 

intense enhancement is associated with malignant lesions, higher grade tumours and 

residual active tumour within the tumour bed.49 50 Time-signal intensity curves (TIC) 

are routinely generated from breast MRI studies by categorising the dynamic lesion 

enhancement pattern. In a seminal paper, Kuhl et al classified time-signal intensity 

curves as type I, steady enhancement; type II, plateau of signal enhancement and 

type III, washout of signal intensity. Type III curves were demonstrated to be more 

frequently associated with malignant lesions with a sensitivity of 91% and specificity 

of 83%.49 Subsequent work quantified the relative signal intensity change for the 

respective curve types; a signal change of 10% or less is considered plateau 

enhancement (type II); with an increase or decrease of over 10% considered steady 

enhancement (Type I) or washout (Type III) respectively. Where there is 

heterogeneity in a lesion the most suspicious curve should be reported.51-54 In 

addition to predicting malignancy, enhancement characteristics have been shown to 

predict tumour grade.50 55 In the context of NACT, a change to a more benign TIC at 

mid-treatment has been shown to correlate with tumour response.56 
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Diffusion weighted imaging (DWI) is a form of MRI imaging that exploits the random 

Brownian motion of water molecules within tissues. Highly cellular tissues, such as 

tumours, typically demonstrate lower apparent diffusion coefficient (ADC) values or 

‘restricted diffusion’.57 Potential applications include enhanced breast cancer 

screening and monitoring response to NACT.57 58 Furthermore, the addition of DWI 

sequences to CE-MRI protocols has been shown improve diagnostic accuracy for 

detecting breast cancer.53 

CE-MRI is frequently considered the ‘gold standard’ breast imaging technique due to 

high sensitivity for breast cancer detection with a pooled sensitivity of 93%.59 Multiple 

studies have also demonstrated that MRI provides a more accurate assessment of 

tumour size and identification of multifocal disease than conventional imaging.60 

However, MRI also has several disadvantages. The relatively low specificity (71%) 

and therefore relative high false positive rate may lead to more extensive surgery,61 

or to delays in treatment whilst second look ultrasound and biopsies are performed. 

This may be further hampered by lack of access to MRI guided biopsy. Furthermore, 

MRI is an expensive technique with limited availability. It may be contraindicated 

(e.g. metal foreign bodies) or poorly tolerated by patients due to claustrophobia and 

discomfort. Finally, there are concerns regarding the long-term effects of gadolinium 

deposition following multiple administrations of gadolinium-based contrast agent.62 

Two promising imaging modalities are emerging as possible alternatives to MRI for 

the diagnosis, staging and surveillance of breast cancer. Contrast-enhanced spectral 

mammography (CESM) and digital breast tomosynthesis (DBT). 

 

1.2.6 Contrast-enhanced spectral mammography (CESM)  

CESM is a functional imaging technique, which in a similar manner to CE-MRI, is able 

to demonstrate the neoangiogenesis of tumours through the use of IV contrast media. 

Contrast mammography was first developed in the early 2000s. Initially the technique 

involved acquiring a pre-contrast ‘mask’ mammogram which was digitally subtracted 

from subsequent post-contrast mammograms.63 Whilst showing promising early 

results this technique was hampered by motion artefact and long duration of breast 

compression.64  

Lewin et al published a feasibility study of dual-energy contrast mammography in 

2003.65 Since then there have been multiple improvements in both hardware and 
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software, although the technique remains similar. Iodinated contrast is given 

intravenously at least two minutes prior to breast compression to ensure perfusion of 

the breast. Following this, two acquisitions: a low kiloVoltage (kV) image (below the k-

edge of iodine) and a high kV image, are performed in each mammography position. 

Two views of each breast are taken (CC and MLO), as with a standard mammogram 

and a total of eight diagnostic images are produced. 

As the low-energy (LE) image is below the k-edge of iodine, the image produced is 

equivalent to a standard mammographic view. Using digital post-processing the LE 

image is then subtracted from the high-energy image to produce a recombined (RC) 

image which demonstrates only the areas of enhancement. Thus, the RC image 

demonstrates the vascularity / neoangiogensis of breast lesions. Below is an example 

of a CESM study in the left CC position.  

 

a.                                      b.                                    c. 

Figure 1: The diagnostic images; the low energy image (a) and the subtracted recombined 
CESM image (c) are transferred to PACS for reporting. The raw high-energy image (b) is not 
used for clinical purposes 

 
Published studies have demonstrated that CESM has both a higher sensitivity and 

diagnostic accuracy for breast cancer detection than FFDM.66 It has been 

demonstrated to be comparable to MRI for the detection of breast cancer and 

assessment of lesion size67 68 and it is better tolerated by patients.69  
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1.2.7 Digital breast tomosynthesis (DBT)  

DBT is a modified mammographic pseudo-3D imaging technique. Multiple low-dose 

images are acquired in an arc over the breast, then reconstructed into a stack of 

multiple slices, usually 0.5-1mm thick.70 71 Variations in the acquisition are present 

between vendors both in the tube motion; stop and shoot versus continuous tube 

motion, and the angular range. The overall glandular dose of DBT is similar or 

slightly higher than FFDM.72 

The pseudo-3D nature of tomosynthesis images helps to eliminate overlapping 

fibroglandular breast tissue thus improving conspicuity of lesions. As a result, DBT 

has demonstrated increased cancer detection rates, especially in mixed and dense 

breasts (although not very dense breasts) when compared with FFDM.71 73 

Furthermore, DBT improves visualisation of lesion margins. This is useful both for 

identifying malignant structural features such as spiculation and distortions74 75 and 

the reassuring smooth margins present in benign lesions.76 

 

1.2.8 Contrast-enhanced Digital Breast Tomosynthesis (CE-DBT) 

CE-DBT is a new technique combining CESM and DBT. Within the same breast 

compression, a LE mammogram, RC image and unenhanced tomosynthesis images 

are produced. There is a dearth of evidence in the literature due to the novel nature 

of the CE-DBT modality, but it has the potential to combine the functional data 

acquired at CESM with the improved structural information acquired at DBT. 

 

1.3 Neoadjuvant chemotherapy 

With advances in oncological treatment, increasing numbers of women are receiving 

pre-surgical neoadjuvant chemotherapy (NACT). This strategy is indicated in a 

number of clinical scenarios. This includes patients with initially inoperable disease, 

due the locally advanced status with skin or chest wall involvement, when the aim is 

to shrink the tumour sufficiently to allow definitive surgical intervention. Other 

situations include disease which would necessitate a mastectomy or where a 

lumpectomy would have a poor cosmetic result if treated with primary surgery, when 
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NACT may reduce the tumour burden sufficiently to allow cosmetically acceptable 

breast conservation surgery. Finally, it may downstage the axilla in patients with 

positive axillary lymphadenopathy and allow a sentinel node procedure as opposed 

to a lymph node clearance which carries significantly increased morbidity.77  

 

1.3.1 Neoadjuvant chemotherapy regimes 

Standard neoadjuvant chemotherapy regimens for breast cancer combine an 

anthracycline, cyclophosphamide and a taxane.78 This is frequently given as three 

cycles of epirubicin plus cyclophosphamide followed by three cycles of Docetaxel. 

For patients with HER2 positive disease, anti-HER2 agents such as trastuzumab and 

pertuzumab are given alongside docetaxel.19 79 80 Chemotherapy regimens may be 

modified for less fit patients, for example four cycles of a combination of docetaxel 

and cyclophosphamide may be used. 

 

1.3.2 Monitoring response to neoadjuvant chemotherapy  

Imaging monitoring of treatment response is necessary throughout the course of 

NACT to enable decisions regarding the aforementioned surgical options to be made. 

It also allows early surgery for those women with progressive disease. In the future, it 

may be possible to avoid surgery altogether in patients with a complete radiological 

response, instead confirming the pathological response with multiple image guided 

biopsies. 

The current gold-standard staging and monitoring technique is contrast-enhanced 

magnetic resonance imaging, as it the most sensitive and specific test to demonstrate 

response following NACT.81 82 Unfortunately in the UK, due to pressures on imaging 

services it can be difficult to access in a timely fashion, and it is an expensive and 

time-consuming technique. Furthermore, in some patients, it is either contraindicated 

(e.g. in patients with pacemakers) or not possible (because of body habitus), or 

poorly tolerated (e.g. due to claustrophobia).83 Mammography and ultrasound are 

widely available but lack the ability to provide functional data and are therefore less 

reliable indicators of disease response.84 
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1.3.3 Assessing pathological response to neoadjuvant 

chemotherapy 

The surgical specimen is processed and assessed. Key features reported include; 

whole tumour size (WTS): this is the largest diameter including invasive and in situ 

disease (with the exception of classical LCIS); invasive tumour size (ITS): the 

maximum dimension of the invasive tumour, not including satellites or foci of 

lymphovascular invasion; and in situ carcinoma size: this is reported for pure DCIS 

or pleomorphic lobular in situ lesions where no invasive disease is seen. Disease 

extent: is reported for multiple foci of disease.  

Residual invasive tumour size can be challenging to measure. If there are multiple 

scattered foci of disease it is recommended to measure overall extent of residual 

foci. However, if clear islands of cancer are present they are measured individually. 

The remaining tumour volume relative to tumour bed size indicates amount of 

residual tumour.2 

Response evaluation in solid tumours (RECIST)  

RECIST is a method of quantifying change in tumour burden, primarily used for 

clinical trials for assessment of treatment outcomes. 85 Tumour lesions may be 

assessed radiologically or clinically using calipers; lymph nodes are measured in 

short axis on CT. Response is classified as 

• Complete response (CR): Disappearance of all target lesions. Short-axis of 

pathological lymph nodes reduced to <10mm 

• Partial Response (PR): ≥30% decrease in sum diameter of target lesions 

• Stable disease (SD): A change in sum diameter of <30% decrease and <20% 

increase. 

• Progressive disease: ≥20% increase in sum diameter of target lesions where 

the absolute increase ≥5mm OR new lesion(s) 

1.3.3.1 Complete pathological response 

There is no standardised definition for pCR, but the following four definitions are 

found in the literature, ypT refers to residual tumour in the breast, ypN refers to 

residual tumour in lymph nodes:86 

• ypTO, ypN0: No invasive or in situ disease in breast or nodes 
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• ypT0/is, ypN0: No invasive residual disease in breast or nodes, residual in situ 

disease in the breast may be present.  

• ypT0/is ypN0/+: No invasive residual disease in breast but in situ disease in 

the breast may be present. Infiltrated lymph nodes allowed. 

• ypT≤1mic ypN0/+: No gross invasive residual disease in breast or nodes. 

However focal invasive and in situ breast residuals and infiltrated lymph 

nodes may be present. 

The most frequently used definition for pCR is ypT0/is, ypN0, used by the MD 

Anderson Cancer Center, Neo-Breast International group and Breast and Colorectal 

Cancer Study Group.86 As the presence of residual in-situ disease following NACT, 

in the absence of invasive disease, has been shown to have no adverse effect on 

survival or local recurrence rate,87 this is the definition used for this study. 

1.3.3.2 Residual cancer burden (RCB) 

The residual cancer burden (RCB) index is a method of quantifying residual disease 

following NACT that was described by Symmans in 2007 as an independent 

predictor of risk of recurrence.88 Estimated from pathological sections of the primary 

tumour bed and lymph nodes following neoadjuvant chemotherapy, the RCB score 

includes six variables;  

Primary tumour bed 

- Size of the primary tumour bed area in two dimensions. 

- Overall cancer cellularity of the largest cross-sectional area of residual 

tumour. 

- Percentage of cancer that is in situ disease  

Lymph nodes 

- Number of positive lymph nodes  

- Diameter of largest metastasis  

These variables are entered into the online RCB calculator provided by the MD 

Anderson centre (http://www.mdanderson.org/breastcancer_RCB) and the RCB 

index is generated. This index is divided into four classes reflecting increasing 

amounts of residual disease; RCB 0 (pCR), RCB-I, RCB-II and RCB-III. The RCB 

index and RCB class has subsequently been validated by a number of prospective 

trials, and demonstrated to predict 10-year disease free survival in all 

immunophenotype classes.89-91   
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1.4 Textural analysis 

Textural analysis (TA) is a technique for evaluating the appearance, position and 

pattern of elements of an object within an image. The majority of medical images are 

now digitalised, composed of multiple pixels of varying grey-level intensities. Texture 

features are mathematical parameters which can be calculated from pixels according 

to their grey-level intensity and distribution within a 2D digital image. Texture analysis 

has been successfully applied to breast imaging, including breast MRI, breast DWI 

and PET/CT.92-95  

MaZda (Technical University of Lodz, Poland) is a software package that can be 

applied to 2D and 3D medical images to generate textural parameters. Using this 

software, it is possible to manually segment images using either a freehand or oval 

region of interest (ROI) and select which texture features are to be analysed.96-98 

There are multiple parameters that can be applied, the main ones are considered 

below.97 99 

 

1.4.1 Histogram (HIST):  

The histogram of an image is the count of how many pixels within an image 

demonstrate a specific grey-level value. Various parameters can be calculated from 

the histogram, including the mean, variance and percentiles. This has the potential to 

quantify the degree of enhancement demonstrated by a lesion on CESM imaging. 

 

1.4.2 Absolute gradient (GRAD):  

This a measure of the variation in grey-level across an image. For example, a gradual 

change from a high intensity (light grey) to low intensity (dark grey) will have a low 

gradient, whereas an abrupt change would have a high gradient. 

 

1.4.3 Run-length matrix (RLM):  

This is a method of searching an image for ‘runs’ of adjacent pixels with the same 

grey-level value in a specified direction. Parameters generated from this include 

short-run emphasis (the proportion of runs occurring that are short in length) and 
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fraction of image in runs (the proportion of the image pixels including in any runs 

within the matrix programing). 

 

1.4.4 Grey level co-occurrence matrix (GLCM):  

This is a second-order histogram and produces statistical information regarding the 

distribution of pixel pairs. It is computed by defining both a direction (0°, 45°, 90°, 

135°) and a distance between which the pixels are separated. As no directional 

variation in textural parameters is expected in breast imaging the output can be 

averaged.100 Coarse and fine features can be defined by the distance separating the 

pixels in question.93 101 Examples of parameters generated include entropy (a 

measure of heterogeneity) and contrast (how much difference there is between grey 

level values). 

 

1.4.5 Auto-regressive (AUTO):  

This model is a way of describing shapes within an image, through analysing the 

relationship between neighbouring pixels. It assumes that the pixel intensity, with 

reference to the mean value for the image pixel intensity, can be predicted by the 

neighbouring pixels.  

 

1.4.6 Haar Wavelets (WAV):  

Wavelets represent the frequency of one-dimensional signal change, rapid signal 

change equating to a high frequency and slower signal change a lower frequency. 

Wavelets are scaled up and the image transformed into 2D frequency channels 

before generating textural parameters. 

 

1.4.7 Textural analysis applied to breast disease 

Textural analysis parameters have been successfully applied to breast MRI images, 

to differentiate benign and malignant lesions102 and breast cancer subtypes,92 and to 

predict response to neoadjuvant chemotherapy93 100 103-105.  
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Chapter 2. CONDOR: CONtrast-

enhanced Digital breast tomosynthesis 

for monitoring Of Response to 

neoadjuvant chemotherapy – a 

literature review 

2.1 Introduction 

Breast cancer remains the commonest malignancy in women in Scotland, 

accounting for 29% of all female cancers in 2015, and 13.5% of female cancer 

deaths in 2016.1 Neoadjuvant chemotherapy (NACT), may be given as initial 

treatment to down-stage disease in the breast and/or axilla to allow or improve the 

cosmetic outcomes of surgical interventions. Furthermore, it provides an in vivo 

indication of tumour chemosensitivity. Treatment response is monitored with imaging 

throughout the course of NACT to guide surgical and oncological treatment decisions.  

Contrast-enhanced digital breast tomosynthesis is an entirely novel technology may 

offer an alternative to the current gold-standard monitoring technique: contrast-

enhanced magnetic resonance imaging (MRI) 

 

2.2 Methods 

Literature searches were conducted in MEDLINE using Medical Subject Headings 

(MeSH) where possible, supplemented by ‘keyword’ searches. As CE-DBT is any 

entirely novel technique a literature search returned no results for its use in the 

context of NACT. Therefore, the question was broken down into individual 

components to allow broader, all-encompassing searches to be performed. All 

searches were limited to the English language. 
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2.2.1 CE-DBT in breast imaging 

Search terms were as follows: [Contrast enhanced tomosynthesis OR (tomosynthesis 

OR digital breast tomosynthesis OR DBT)] AND [(contrast enhanced mammography 

OR CESM)]. 

All articles concerning the use of CESM and DBT for image interpretation of breast 

cancer in the same patients contemporaneously were included. All review articles 

considering these techniques separately, for dose calculation or alternative 

technologies only were excluded. 

 

2.2.2 CESM or CE-DBT for monitoring response to NACT in breast 

cancer patients 

Search terms were as follows: [Contrast enhanced tomosynthesis OR tomosynthesis 

OR digital breast tomosynthesis OR DBT OR contrast enhanced mammography OR 

CESM] AND [neoadjuvant chemotherapy OR NACT OR neoadjuvant therapy] AND 

[Breast cancer OR breast neoplasm]. 

All articles concerning the use of CE-DBT, CESM or DBT for the monitoring of breast 

cancer patients undergoing NACT were included. Articles which considered these 

techniques separate to NACT, the use of alternative technologies only or other 

aspects of NACT were excluded. 

 

 

2.3 Results and Discussion 

2.3.1 CE-DBT in breast imaging 

The largest prospective study which considers the parallel use of CESM and DBT 

included 185 women with suspicious breast lesion (BIRADS 4 and 5)106. All patients 

underwent full field digital mammography (FFDM), DBT, CESM, MRI and contrast 

enhanced digital tomosynthesis (CET) using a prototype machine. CET was 

performed over a 15-degree arch acquiring 22 images alternating between low and 

high energy. Comparative performance analysis of diagnostic accuracy between 

various modalities was performed using a parametric receiver operating 

characteristic (ROC) method. The studies demonstrated that the step-wise addition of 
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DBT and subsequently CESM to FFDM and DBT resulted in a progressively 

significant increased diagnostic accuracy. MRI had a non-significant inferior 

sensitivity for diagnosis of invasive and non-invasive malignancy compared to the 

combination of FFDM, DBT and CESM; average sensitivity for each of three readers 

ranged from 86-93% vs 93-98% respectively. Interestingly, as discussed in 

subsequent correspondence there was no significant increase in accuracy with the 

further addition of CET, suggesting that there was no gain in the use of CET in 

addition to the combination of DBT and CESM.107 108 Comparison of CESM combined 

with DBT versus the prototype CET is not possible due to the methodology of the 

paper.  

One further prospective study investigates the role of CESM and DBT for local 

staging of breast cancer in patients with biopsy-proven breast cancer considered at 

increased risk of locally advanced or multicentric carcinomas.109 DBT is reported as 

the most sensitive technique for calculation of size and CESM the most accurate for 

identifying multiplicity. However, the methods of this study are questionable. With 

regards to size, the tolerance margin allowed between imaging technique and 

surgical specimen is not defined and it is not reported whether the imaging 

techniques were over or under-estimating size. Regarding multiplicity, sensitivities of 

FFDM, DBT and CESM are reported as 53.8%, 77% and 92.3% respectively. 

Unfortunately, neither the absolute numbers of tumours with satellites on pathology, 

nor the false positive rate is provided. CESM is described as the ‘modality of choice’ 

for early breast cancer and FFDM + DBT more accurate for locally advanced disease. 

However, the presence or absence of statistical significance in the accuracy of T-

staging is not reported.  

 

2.3.2 CESM or DBT for monitoring response to NACT in breast 

cancer patients 

There is no published data on the use of CE-DBT for monitoring NACT. Therefore, 

the use of DBT and CESM for this purpose is considered separately. Only one paper 

could be identified that investigated the use of DBT in monitoring response to 

NACT110. Indeed, whilst the American College of Radiology guidelines include DBT 

as an appropriate modality for monitoring response to NACT this is entirely inferred 

from studies investigating DBT as a screening or diagnostic tool.77 Park et al 
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conducted a prospective study of 50 women with stage II-III breast cancer treated 

with NACT. All patients underwent pre-operative FFDM, DBT, automated breast 

ultrasound (ABUS) and MRI. Pre-treatment and interim treatment imaging were not 

considered. Analysis was based solely on the greatest diameter of suspicious 

abnormality on imaging and pathological specimen. In the context of a spiculate mass 

the full extent of spicules was included, though it is known that a proportion of 

spiculation is due to fibrosis. It is therefore perhaps not surprising that DBT 

overestimated residual tumour size by 5mm in 33.4% and 10mm 21.6%. Overall there 

was no significant difference in size prediction between MRI and DBT. Both 

techniques out performed ABUS and FFDM. 

Three studies using CESM for this purpose show promising results.111-113 One study 

of 46 patients compared CESM and MRI maximum lesion size measurements taken 

before, during and after NACT.  Agreement between the measurements on the two 

imaging techniques is reported as 0.96, 0.94 and 0.6 at the respective time-points. 

Critically, post-NACT CESM measurements had stronger agreement with histology 

than did MRI, though both methods tended to underestimate disease extent. The 

distinction of responders and non-responders (RECIST criteria) was identical for 

both techniques in 44/45 patients. CESM had a higher sensitivity and specificity for 

pathological complete response (pCR) than MRI, 100% and 84% vs 87% and 60% 

respectively.111 In a second, larger study of 65 patients, CESM and MRI imaging 

were performed before and after NACT.112 In this study CESM was comparable to 

MRI for assessment of pCR with a sensitivity of 95% vs 95% and specificity of 66.7% 

and 68.9% respectively. CESM accurately showed tumour size to within 10mm in 

72.3% of patients, with an average underestimation of 5mm (SD = 16.8mm). By 

comparison MRI accurately demonstrated tumour size in 69.2% patients, with an 

average underestimation of 5.2mm (SD = 15.5mm). The tolerance used of +/-10mm, 

is a substantial margin in the context of the average pathological size being only 

19.6mm (range 0-75mm).112  In both studies the patient was considered to have 

achieved a pCR when there was absence of residual invasive or in situ (DCIS) 

disease. It is worth noting that the most commonly accepted definition of pCR is the 

absence of invasive disease, with residual in situ disease permitted. Finally, a very 

small retrospective study of 8 patients demonstrated that CESM had a sensitivity and 

specificity of 83.3% and 100% respectively.113  
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2.4 Key Research Questions 

This literature review has generated the following key research questions to address 

the study aim of evaluating the performance of CE-DBT for the monitoring of 

response to NACT: 

• How accurate is CE-DBT in assessing pathological response to NACT 

measured by pathological complete response (pCR) and residual cancer 

burden (RCB)? 

• How well does CE-DBT compare with MRI for monitoring response to NACT? 

• Is the additional imaging (CE-DBT) feasible within the workflow of the breast 

unit? 

• Is CE-DBT considered an acceptable imaging technique by patients? 
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Chapter 3. TACESM: Textural Analysis 

of breast lesions on Contrast 

Enhanced Spectral Mammography, a 

feasibility study – a literature review 

3.1 Introduction 

CESM is a functional imaging technique, which is becoming more widespread in 

clinical practice. It utilises a dual energy subtraction method following administration 

of intravenous contrast agent to produce 2D images that demonstrate the vascularity 

and neo-angiogenesis of breast lesions. 

The benefits of functional breast imaging techniques have previously been 

demonstrated with contrast-enhanced magnetic resonance imaging (MRI), currently 

accepted as the gold-standard for local staging of breast cancer, due to its high 

sensitivity (pooled sensitivity of 93%)59. Both the intensity of enhancement and the 

wash-in/out characteristics aid discrimination between benign and malignant lesions 

and quantification of response to neoadjuvant chemotherapy (NACT) - intense 

enhancement is associated with malignant lesions and residual active tumour within 

the tumour bed.114 115 Time-signal intensity curves (TICs) are routinely generated from 

breast MRI studies by categorising the washout pattern of the gadolinium contrast 

agent. Type 1 curves (progressively enhancing) more common in benign lesions, type 

2 curves (plateau) of intermediate concern for malignancy, and type 3 (washout 

curves) suspicious for malignancy.114  

Textural analysis is a technique for evaluating the appearance, position and pattern of 

pixels according to their grey-level intensity within a 2D digital image.99 This method 

allows quantitative analysis of images and may improve discrimination between 

benign and malignant lesions as well as between malignant lesion subtypes. 

Furthermore, it has been demonstrated that lesion heterogeneity as measured by 

textural analysis of breast MRI studies may be useful in predicting response to NACT 

in breast cancer patients.103 



 40 

Published studies have demonstrated that CESM has similar accuracy to MRI for the 

detection of breast cancer67 and is often better tolerated by patients.69  

It has been demonstrated that lesion heterogeneity as measured by textural analysis 

of breast MRI studies may be useful to predict the response to NACT in breast cancer 

patients. The majority of studies extract textural features using grey-level co-

occurrence matrix (GLCM), a method of quantifying inter-pixel spatial 

relationships.103-105 116 With the exception of one study104 measures of increased 

lesion heterogeneity have been shown to be related to more aggressive malignancies 

with poorer responses to NACT. Michoux et al104 found reduced texture heterogeneity 

(measured using GLCM parameters) in the more aggressive tumours. However, 

unlike other studies they excluded necrotic areas. Such necrotic areas are more 

frequently seen in aggressive tumours and would inevitably increase the 

heterogeneity of a lesion as they do not enhance. 

Recent work has considered temporal changes in lesion heterogeneity between 

baseline and interim MRI scan.93 117 In the largest of these studies, including 88 

patients, Henderson et al93 considered the change in T2 heterogeneity between 

baseline and interim MRI scan. Entropy, or lesion heterogeneity was derived from a 

GLCM with inter-pixel distances of n=2 and n=5 for fine and coarse texture 

respectively. Response to NACT was assessed using residual cancer burden (RCB) 

scores. They reported that heterogeneity changes are associated with response to 

NACT across all immunophenotypes with coarse features being the most accurate. A 

further study of 35 patients considered textural changes within tumour subregions. It 

found that the tumour subregion with most aggressive phenotype i.e. the subregion 

that is the most heterogeneous on initial MRI, plays the dominant role in determining 

clinical outcomes.118 As CESM also uses contrast agent and the degree of CESM 

enhancement has been shown to correlate with the density of blood vessels, it may 

be possible to demonstrate neoangiogenesis associated with tumours and produce 

similar functional data to that of MRI.119  

It must be noted that this literature search has been refreshed following the start of 

the study. When the TACESM protocol was designed in 2017 there was a dearth of 

published data pertaining to the use of textural analysis or radiomics with CESM 

images, therefore the methods were based on existing knowledge derived from MRI 

radiomics. 
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3.2 Methods 

Literature searches were conducted in MEDLINE and PUBMED. Due to the relatively 

novel nature of CESM and thus sparsity of published information pertaining to 

functional data, the Medical Subject Headings (MeSH) used were intentionally broad; 

[(Textural analysis) OR (radiomics) OR (computer-assisted image processing) OR 

(computer-assisted image interpretation) OR (CAD) OR (enhancement)] AND 

[(Contrast enhanced mammography) OR (contrast enhanced spectral 

mammography) OR (contrast mammography) OR (CESM)]. Searches were limited 

to the English language.  

Following removal of duplicate references all titles and abstracts were reviewed. The 

following inclusion / exclusion criteria were used. 

 

Inclusion criteria: 

• Contrast-enhanced spectral (dual energy) mammography  

• Quantitative or qualitative measure of intensity or pattern of lesion 

enhancement  

• Quantitative analysis of lesion enhancement through CAD software, radiomics 

or textural analysis 

• Correlation to histology of lesion  

• Original research 

 

Exclusion criteria: 

• Contrast-enhanced temporal mammography 

• Ex-vivo studies (phantom, modelling, animal studies) 

• Quantitative or qualitative measure background parenchymal enhancement  

• CAD software used solely to identify potential lesions 

• Case reports, case series, reviews, commentaries and guidelines  

 

Papers meeting the aforementioned criteria were then read in full. Additional papers 

identified due to references or citations ‘snow-balling’ were also included. 
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3.3 Results 

Literature searches were conducted on 27th April 2021. There were 754 initial search 

results. Following removal of duplicates (73 papers), 681 abstracts were screened. 

Of these, the majority did not meet inclusion criteria (646 papers). 35 articles were 

included and these papers read in full. One further paper was identified through 

‘snow-balling’. Of the 36 papers initially included; a further thirteen were excluded 

following full review of the manuscript. Twenty-three papers were ultimately included; 

13 pertained to assessment of intensity or pattern of lesion enhancement, and 10 

considered textural analysis for lesion assessment, including those using CAD 

software. Details are provided in figure 2. 
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Total search results
754

Duplications: 
73

Abstracts screened
681

Exclusions: 646
- Not original research 

(51)

- Not CESM (499)
- Not in vivo (19)

- Not breast cancer (9)
- No assessment of 

lesion enhancement 

(68)

Articles read in full
36 Exclusions: 13

- Not diagnostic (2)

- No raw data (5)

- Temporal (not 
dual energy) (2)

Phantom (2)
Case overlap (2)

Inclusion
23

Assessment of 
enhancement: 13

Radiomics:
10

Identified through 
snow-balling: 1

Qualitative
8

Quantitative
5

 

Figure 2: Flowchart illustrating included papers 

 
 

3.3.1 Lesion Enhancement 

Details of the studies pertaining to assessment of lesion enhancement are shown in 

table 4. 



Paper Institution Study 
period 

n Type Quantitative / Qualitative Benign 
vs 
malignant 

Malignant 
subtypes 

Includes In 
situ 

Vendor Pattern / degree 
enhancement 

Luczynska, Med 
Sci Mon, 2015 

University hospital Krakow, 
Poland 

NR 
 

193 patients Retrospective  Qualitative Yes No Yes – 
separate 
data 

GE Degree 

Luczynska, 
Anticancer Res 
2018 

University hospital Krakow, 
Poland 

2011-2012 
 

84 lesions  
(82 patients) 

Retrospective Qualitative No Yes No GE Degree 

Rudnicki, Eur 
Rad 2019 

University hospital Krakow, 
Poland 

NR 
 

167 patients Retrospective  Quantitative Yes No Yes – 
separate 
data 

GE Degree 

Kamal, Eur J 
Rad, 2015 

Kasr ElAiny Hospital, Cairo, 
Egypt 

2012-2013 
 

99 lesions Retrospective Qualitative Yes No Yes GE Degree & pattern 

Tsigginou, BJR, 
2016 

Alexandra Hospital, Athens, 
Greece 

2014-2015 
 

226 lesion 
(216 patients) 

Prospective Qualitative Yes No Yes GE Degree 

Lobbes, Eur J 
Rad 2018 

Maastricht University Medical 
Centre, Netherlands 

2013-2014 
 

85 lesions Retrospective Quantitative Yes No No GE Degree 

Deng, BJR, 
2018 

Chang Gung Memorial 
Hospital, Taiwan 

2012-2015  152 lesions Retrospective Quantitative and Qualitative Yes No Yes GE Degree 

Travieso-Aja, 
Radiologia, 
2019 

Grupo Hospitalario San 
Roque, Spain 

2013-2017 
 

353 lesions Prospective Qualitative Yes No Yes GE Degree & pattern 

Van Nijnatten, 
BJR, 2019 

Maastricht University Medical 
Centre & MSKCC 

2010-2017 
 

44 patients Retrospective Qualitative No Yes No GE Degree 

Chi, Medicine, 
2020 

Yantai Yuhuangding 
Hospital, China 

2018-2019 312 lesions Retrospective Qualitative Yes No Yes GE Degree & Pattern 

Lv, J Comp 
Assist Tomogr, 
2020 

Yantai Yuhuangding 
Hospital, China 

2017-2018 
 

283 patients Retrospective Quantitative Yes No Yes GE Degree 

Liu, Scientific 
Reports, 2020 

Sichun University West 
China Hospital 

2017-2019 
 

145 lesions  
(131 patients) 

Retrospective Quantitative Yes Yes Yes – 
separate 
data 

GE Degree 

Goh, Eur Rad, 
2021 

Kaohsing Veterans Hospital 2012-2019  94 lesions Retrospective Qualitative Yes No Yes Hologic Degree 

Table 4: Characteristics of studies pertaining to assessment of CESM lesion enhancement
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The majority, 11/13 were retrospective studies. One study used a commercially 

available full-field digital mammography system manufactured by Hologic 120, the 

remainder used equipment manufactured by GE Healthcare. Most specified that 

1.5ml/kg intravenous iodinated contrast agent was administered at 3ml/sec.121-125 

There was variation in the image acquisition protocols between studies, however this 

is felt to reflect normal clinical practice and should not invalidate results. 

For further analysis, these studies were separated into those providing qualitative 

assessment ‘eye-balling’ enhancement properties, and those using quantitative 

analyses. 

 

3.3.2 Qualitative Assessment of enhancement characteristics 

Eight studies were identified which reported qualitative assessment 67 120-126. Of 

these, six considered intensity of lesion enhancement between benign and malignant 

lesions, and two papers explored the difference between invasive ductal and 

invasive lobular carcinomas. When data for multiple readers was reported for 

individual lesions this was averaged to the nearest whole number. 

3.3.2.1 Intensity of lesion enhancement; benign vs malignant lesions 

All six studies included both invasive and ductal carcinoma in situ (DCIS) within the 

malignant group. Intensity of enhancement was measured on a categorical scale, 

either a three-point scale67 120 122, or two-point scale121 123 125. To allow comparison, 

mild, faint and weak; moderate and medium; and marked, intense and strong were 

considered synonymous terms. A summary of results is displayed in table 5. 

 

 

Study Benign lesions Malignant lesions p values 
Mild (%) Mod 

(%) 
Marked 
(%) 

Mild (%) Mod 
(%) 

Marked 
(%) 

 

Luczynska, Med. 
Sci. Monit ,2016 

25 
(51.0) 

16 
(32.7) 

8 (16.3) 35 
(34.4) 

45 
(31.4) 

63 (44.1) Chi
2
; 

 
p<0.001  

Tsigginou,  BJR, 
2016 

- 25 
(67.6) 

12 (32.4) - 21 
(22.8) 

71   (77.2) NR 

Chi,  Medicine, 2020 35 
(32.1) 

50 
(45.8) 

24 (22.0) 7 (3.4) 46 
(22.7) 

150 (73.9) spearman; 
r=0.533, 
p=0.000 

Travieso-Aja,  
Radiologia, 2019 

58 
(80.6) 

- 14 (19.4) 121 
(43.1) 

- 160 (56.9) Chi
2
; 

 
p<0.001 

Kamal,  Eu J Rad, 
2015 

15 
(83.3) 

- 3   (16.7) 18 
(22.2) 

- 63    (77.8) Chi
2
; 

 
p<0.001 

Goh, Eur Rad, 2021 21 
(60.0) 

12 
(34.3) 

2     (5.7) 7 (21.2) 9    
(27.3) 

17    (51.5) OR 22.6; 
p=0.002 

Range  32 – 
83% 

32 – 
68% 

6 – 32% 3 – 43% 23 – 
31% 

52 – 78%  

 
Table 5: Qualitative assessment of degree of lesion enhancement 
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Malignant lesions had a consistently higher proportion of marked enhancement, 

ranging from 52-78% compared to mild enhancement, 3-43%. The converse was 

true for benign lesions with 6-32% and 32-83% demonstrating marked and mild 

enhancement respectively. However, whilst 86-92% of all lesions demonstrating 

marked enhancement were malignant, 17-68% of those demonstrating mild 

enhancement were also malignant.  

One study quantified degree of correlation, reporting a moderate correlation between 

enhancement intensity and benignity; r= 0.533, p = 0.000.122 A further study reported 

marked enhancement was a predictor of malignancy on multivariate analysis OR, 

22.6; 95%CI; 3.1, 166.6; p=0.002.120  

3.3.2.2 Intensity of enhancement: Invasive ductal carcinoma vs invasive 

lobular carcinoma 

Van Nijnatten et al 124 presented a comparison of degree of lesion enhancement by 

molecular subtype. They showed the findings for 22 cases of both IDC and ILC, 

assessed by three independent readers. A higher proportion of ILC was shown to 

demonstrate mild enhancement as compared to IDC, however despite good inter-

observer agreement, k=0.723 (0.584-0.862), this only reached statistical significance 

for one reader. Conversely, IDC tended to demonstrate a greater proportion of 

marked enhancement, but only reached statistical significance for a different solitary 

reader. A further paper found no significant correlation between histological type and 

enhancement intensity although a slightly higher proportion of IDC demonstrated 

marked enhancement (57% vs 50%).126 

3.3.2.3 Qualitative pattern of Enhancement 

Three papers considered the pattern of enhancement; defined as homogenous, 

heterogeneous or ring enhancement as per the BIRADS MRI lexicon 121-123. Chi et 

al122 calculated malignant odd ratios (OR) and found lesions with heterogeneous 

enhancement tended to be malignant OR 3.228 (95% CI: 1.986 – 5.247), whereas 

those demonstrating homogenous enhancement tended to be benign OR 0.287 

(95% CI: 0.175 – 0.471). No correlation was seen between ring enhancement and 

malignancy. These findings are consistent with two other papers which reported that 

heterogeneous enhancement tended to be characteristic for malignant lesions 
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(p<0.05) and that ring enhancement did not discriminate between benign and 

malignant lesions.121 123 Results are shown in table 6. 

 

Paper Benign lesions (%) Malignant lesions (%) p value 

Homogenou
s 

Heterogeneo
us 

Ring Homogenou
s 

Heterogeneo
us 

Ring  

Chi,  Medicine, 2020 58 (53.2) 40 (36.7) 11 
(10.1) 

50   (24.6) 131 (64.5) 22 (10.8)  

Travieso-Aja. Radiologia, 
2019 

38 (52.8) 31 (43.1) 3    (4.2) 104 (37.0) 168 (59.8) 9   (3.2) Chi2;  

p=0.038 

Kamal, Eu J Rad. 2015 6 (33.3) 2   (11.1) 10 
(55.6) 

18    (22.2) 56    (69.1) 7   (8.6) Chi2;  

p<0.001 

Table 6: Qualitative assessment of pattern of lesion enhancement 
 

 

3.3.3 Quantitative Enhancement Characteristics 

Five papers were identified that considered quantitative assessment of lesion 

enhancement. For each analysis, a region of interest (ROI) was drawn over the 

lesion. One group used semi-automated image segmentation; 127  the remainder 

used manual segmentation with either a FH_ROI or ellipsoid_ROI.128-131 Two groups 

considered in situ and invasive malignancy separately, three groups all malignant 

lesions together. Methods of analysis varied between a direct measure of lesion pixel 

grey level intensity,127 129 comparison of grey level intensity between lesion ROI with 

that of a background ROI,128 130-132 or both130. Unlike with computed tomography 

(CT) there is no recognised grey-scale unit for CESM. Therefore, although methods 

of analysis were similar, the values generated vary dramatically between studies.  

This precludes meta-analysis of the data. Details of the studies are given in table 7. 
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Paper View ROI Measure Benign All malignant in situ Invasive 

Rudnicki, 
2019 

CC & 
MLO 

Manual, 
ellipsoid 

%RS_MLO 
%RS_CC 
SDNR_MLO 
SDNR_CC 

3.3% ± 2.2 
2.6% ±1.7 
5.62  ±3.74 
5.12  ± 3.15 

- 3.3% ± 1.9 
2.6% ± 2.0 
5.69  ± 
3.63 
5.21  ± 3.6 

5.5% ± 3.0 
4.8% ± 3.1 
9.31  ± 
5.15 
8.44  ± 
4.14 

Lobbes, 
2018  

CC only Manual, 
ellipsoid 

CGV 2030 AU ± 
21.5 

2065 AU ± 
11.4 

- - 

Deng, 
2018 

Either Semi-
automatic 
segmentation 

Maximum (pixel value) 
95th percentile 
75th percentile 
mean 

261.25 
159.72 
114.74 
85.79 

1022.20 
744.57 
588.78 
475.05 

- - 

Lv, 2020 NR Manual, 
freehand 

ROI 
rROI1 
rROI2 
rROI3 

86.737 ± 
21.900 
38.453 ± 
33.921 
41.786 ± 
35.864 
51.705 ± 
40.999 

114.33 ± 
29.918 
82.120 ± 
42.342 
87.158 ± 
45.943 
95.101 ± 
56.646 

- - 

Liu, 2020 CC & 
MLO 

Manual, 
ellipsoid 

CNR1_Maximum 
CNR1_75th percentile 
CNR1_Mean 
CNR2_Maximum 
CNR2_75th percentile 
CNR2_Mean 
RSD_Maximum 
RSD_75th percentile 
RsD_Mean 

10.1% 
4.8% 
2.7% 
13.2% 
5.2% 
3.0% 
215.1% 
11.4% 
11.0% 

 
 
 
 
 
 
48.5% 
6.0% 
-9.7% 

11.8% 
8.1% 
6.5% 
10.4% 
8.5% 
6.2% 

27.2% 
9.2% 
7.6% 
26.0% 
7.5% 
6.4% 

Table 7: Quantitative assessment of lesion enhancement intensity 
(%RS: percentage signal difference between enhancing lesion and background, SDNR: signal-
difference-to-noise ratio, CGV: CESM Grey Value, ROI: lesion ROI, rROI: relative grey value, 
ROI1 – tissue surrounding lesion, ROI2 – tissue away from lesion, ROI3 – pectoralis, CNR: 
contrast to noise ratio, early image (CNR1) and late image (CNR2), RSD: relative signal 
difference) 

3.3.3.1 Degree of enhancement: benign vs malignant 

All studies concluded that malignant lesions enhance more avidly than benign 

lesions (p<0.05). However, it must be noted that two papers included non-enhancing 

lesions which were assigned a zero-value. In both instances these were 

disproportionately benign which will bias results.127 131 Four of the papers analysed 

with ROC curves reporting area under the curve (AUC) values ranging from 0.700 – 

0.877, and three calculated threshold values for discriminating benign from 

malignant lesions according to Youden’s index.127 128 130 131 Details are displayed in 

table 8. 
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Paper Measure Benign Malignant Threshold 
value 

Sensitivity Specificity AUC CI 95% P value 

Rudnicki, 
2019 

%RS_MLO 
%RS_CC 
SDNR_MLO 
SDNR_CC 

3.3% ± 
2.2 
2.6% 
±1.7 
5.62  
±3.74 
5.12  ± 
3.15 

NR 3.8% 
3.4% 
7.222 
6.512 

NR NR 0.713  
0.725 
0.710 
0.700 

0.64; 
0.79 
0.65; 
0.80 
0.63; 
0.79 
0.62; 
0.78 

<0.0001 
<0.0001 
<0.0001 
<0.0001 

Deng, 
2018 

Pixel value NR NR 220.94 0.755 0.886 0.875  0.811; 
0.940 

<0.0001 

Lv, 2020 ROI 
rROI1 
rROI2 
rROI3 

86.737 
38.453 
41.786 
51.705 

114.33  
82.120  
87.158  
95.101 

87.815 
42.519 
55.225 
71.079 

0.663 
0.713 
0.762 
0.772 

0.798 
0.838 
0.732 
0.612 

0.795 
0.833 
0.812 
0.741 

0.745; 
0.840 
0.786; 
0.873 
0.763; 
0.854 
0.687; 
0.790 

NR 

Liu, 2020 CNR1 
CNR2 

NR NR NR 0.814 
0.930 

0.755 
0.529 

0.843 
0.755 

0.773; 
0.898 
0.677; 
0.822 

<0.0001 
<0.0001 

Table 8: Quantitative assessment of lesion enhancement; ROC analysis with threshold values 
where provided. 

 
Results for in situ disease are inconsistent; Rudnicki et al reported significant 

difference in parameters between invasive and in situ p<0.008, but no significant 

difference between benign and in situ lesions.128 By contrast Liu et al  described a 

significant difference in enhancement intensity between benign lesion and in situ 

disease p=0.001, with no significant difference between in situ and infiltrating 

disease p=1.000.131 

3.3.3.1 Temporal enhancement characteristics  

Two articles127 131 compared the signal intensity of lesions between initial view and 

subsequent view. Methodology between the papers was similar.  Deng et al 

consistently performed CC before MLO, Liu et al performed CC first in the majority 

(79/96) of cases. The interval time between views was 102 seconds and 104 

seconds respectively.  A change of less than 10% was considered stable 

enhancement in both papers. The majority of malignant lesions demonstrated 

decreasing or washout characteristics (67-71%), whereas benign lesions tended to 

demonstrate increasing or wash-in characteristics (48-58%). In both instances this 

trend reaches statistical significance (p<0.05). Whilst up to a third of benign lesions 

show wash-out characteristics, less than 20% of malignant lesions demonstrate 

wash-in.  
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3.3.4 Textural analysis 

Ten papers from five research groups were included for review. A range of 

approaches have been taken. Some used textural features from RC images 

alone,133-135 others extracted textural information from both RC and LE images and in 

four cases, the textural feature statistics were combined with additional clinico-

radiological data.135-138 The textural features extracted and machine learning 

methods varied. Therefore, whilst all papers report a measure of diagnostic 

accuracy, the heterogeneity of methodology precludes meta-analysis.  

3.3.4.1 Benign vs malignant  

Interest in the application of textural analysis and radiomics software to CESM 

images has increased over the last couple of years with a variety of approaches 

taken by differing research groups. The majority of the literature, seven papers from 

four groups, considered the differentiation of benign and malignant lesions. Case 

numbers for each study were small, mean=83.7 (range:49-139).  

There was no consistency with regards to the textural features included in each 

model.  Details are provided in five papers.137-140 Lin et al provided the greatest 

detail, reporting 19 significant features, of which ten are from RC images: two STAT 

features, five Grey Level Size Zone Matrix (GLSZM) features and solitary features 

for GLCM, RLM and grey level dependence matrix (GLDM).138 Patel et al reported 

ten top features, of which seven were textural features on RC images; three were 

GFB features, two GLCM features, a single DOST feature, and a HIST feature.137 By 

contrast Fanizzi et al described two RC textural features; a WAV feature (variance) 

and STAT feature (relative smoothness).139 This inconsistency in selected significant 

features is further emphasised by the work of Losurdo et al.  They utilised two 

different techniques to evaluate feature importance, embedded and wrapper 

methods, and there was little overlap in the significant features identified by the 

respective methods.140  

Measures of diagnostic accuracy ranged from 0.87-0.9 with sensitivity and specificity 

of 0.70-1.00 and 0.66- 0.92 respectively. ROC curve AUC values ranged from 0.76-

0.95. Two papers compare CESM-models to human readers. Both reported an 

improved specificity but decreased sensitivity with the CESM-model.137 139 
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3.3.4.2 Histology of breast cancer 

Three papers were identified that considered the possibility of using radiomics 

analysis to predict immunohistological features of breast cancers, including 

invasiveness, grade and hormone receptor (HR) status. Fanizzi et al139 reported 

highest accuracies for discriminating HER2+/HER2- (90.87%), ER+/ER- (83.79%) 

and Ki67+/Ki67- (84.80%). With respect to RC images, discriminating textural 

features identified were variation coefficient, relative smoothness (Ki67, ER, tumour 

grade); variation range (Ki67, ER) and entropy (Ki67, tumour grade). Marino et al 

reported accuracies for differentiating HR-positive and HR-negative subgroups (73.9-

78.4%) in addition to accuracies of 79.4-87.4% for differentiating invasive and non-

invasive tumours.134 Further work by this group comparing CESM and MRI derived 

radiomics suggested that similar accuracies may be achieved in assessment of 

invasiveness, HR status and grade.133 

 

3.4 Discussion 

There is an increasing body of evidence that qualitative and quantitative assessment 

of enhancement characteristics of breast lesions seen on CESM is possible and may 

have important clinical applications. 

Malignant lesions tend to demonstrate more avid enhancement, whether assessed 

by the reader ‘eye-balling’ the image whilst reporting, or assessed quantitatively 

using computer software. The difficulty however, is applying this evidence to clinical 

practice. For example, whilst the majority of malignant lesions demonstrate 

moderate-marked enhancement, on some series up to 68% of mildly enhancing 

lesions were also proven to be malignant.121 This may be partly explained by the 

proportion of ILC and DCIS within this series (23% of malignant lesions), as these 

subtypes may be more challenging to identify and demonstrate weaker CESM-

enhancement than IDC, similar to findings at MRI.124 126 128 141 Further difficulties 

arise due to inter-reader variability in subjectively classifying enhancement intensity, 

which whilst described as ‘good’, resulted in significantly different findings for each 

reader.124 Significant correlation between qualitative and quantitative assessment 

has been shown132 though emerging evidence indicates that quantitative 

assessment may be more reliable and diagnostic thresholds for enhancement are 



 52 

proposed.128 130 This does not solve the fundamental issue that whilst a benign 

biopsy may be temporarily unpleasant, a missed cancer diagnosis can be 

catastrophic. Therefore, any method designed to reduce benign biopsy rates must 

not result in an increased number of missed cancers.  Difficulties with work in this 

area include the small data-sets and the imbalance between benign and malignant 

enhancing lesions. This is partly because CESM tends to be used clinically when 

there is a higher index of suspicion for malignancy, compounded by the fact that 

benign lesions are less likely to enhance at all. Possibly as a result of this, some 

investigators include unenhanced lesions in their datasets.127 131 This inevitably 

skews, and in some situations invalidates, the results. For example, when the data 

from Deng et al  are analysed with unenhanced lesions removed, the mean grey 

level for enhancing benign lesions increases from 85.79 to 314.56, and for 

enhancing malignant lesions from 479.05 to 514.134.127 In light of this, the 

suggested diagnostic threshold of 220.94 for differentiating benign and malignant 

lesions is obsolete.  

Two further publications which included only enhancing lesions128 130 proposed 

diagnostic thresholds using a ratio of the grey-level intensity values between the 

lesion and background ROIs. In both cases the proposed thresholds have relatively 

low sensitivities of 49% and 71.3% with higher specificities of 88% and 83.8% for 

Rudnicki et al and Lv et al respectively. Therefore, using these proposed diagnostic 

thresholds would result in an unacceptable number of false negatives or missed 

cancers. For this reason, whilst mild enhancement may decrease the readers’ 

suspicion score it should not dissuade them from performing a biopsy. 

Assessment of dynamic enhancement intensity may be better at discriminating 

benign lesions.127 131 The limited evidence to date simply compares enhancement 

intensity on the initial view (usually CC) and subsequent view (usually MLO), with 

potential for confounding due to differing enhancement intensity by reason of the 

position of the breast. This could be developed to use a true delayed image which 

would potentially mirror wash-out characteristics seen on MRI.  

Assessing pattern of enhancement is likely to further increase reliability, with 

heterogeneous lesions more likely to be malignant. Ring enhancement was not 

shown to be a useful discriminator. This could be because it was not sub-classified 

as nodular or smooth. Kamal et al postulate that this may be due to the presence of 

cysts; unlike with MRI, where cysts can be reliably identified on unenhanced 
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sequences due to central T2 hyper-intensity, it is not possible to gain equivalent 

information on CESM.123    

Radiomics provides the possibility of combining quantifiable assessment of both 

intensity and pattern of enhancement. An increasing body of evidence suggests that 

this may be helpful to differentiate benign from malignant lesions. Unfortunately, 

individual study numbers are small and due to variations in methodology cannot be 

combined for meta-analysis. Furthermore, no research group to date has published a 

method that can be applied to CESM images generated by different vendors. 

Attempts have been made to establish a diagnostic cut-off point to differentiate 

benign from malignant lesions, however these have all concentrated on ‘accuracy’ 

according to Youden’s index and failed to recognise that the requirement for high 

sensitivity outweighs the need for specificity in this instance. In both studies that 

compared human readers to CESM-models, the readers out-performed the model in 

terms of sensitivity. A further confounding factor is that whilst malignant lesions tend 

to be more heterogeneous in architecture than specific benign lesions types, for 

example fibroadenomas, classifying all benign lesions together introduces 

heterogeneity due to the wide range of possible benign lesions. However, to analyse 

benign lesions according to sub-type will require significantly larger CESM image 

databases than are currently available. 

The greatest clinical application of radiomics may be in the non-invasive assessment 

of the whole tumour for prediction of tumour immunohistology. At present initial 

treatment decisions are based on core-biopsy, which only provides a small 

proportion of tumour for pathological assessment. Breast cancers are known to be 

heterogeneous, both in grade and HR status. If the least aggressive part of a tumour 

is biopsied the treatment offered may not be appropriate. Radiomics may offer a 

non-invasive alternative assessment of the whole tumour.  

There is consistent evidence that benign and malignant lesions tend to demonstrate 

different enhancement characteristics - benign lesions tending to demonstrate 

weaker, more homogenous enhancement. Limited evidence suggests that the 

temporal enhancement profile also varies between malignant and benign lesions, 

with malignant lesions tending to demonstrate ‘wash-out’ or decreasing pattern of 

enhancement and benign a progressively enhancing one. The application of 

radiomics to CESM images is a promising technique for differentiating benign and 

malignant lesions, with potential to predict immunohistological features.  
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3.5 Summary 

Future work is required to establish how this information can be applied in clinical 

practice. Any technique designed to reduce the number of benign biopsies 

performed requires a high sensitivity to avoid false negative assessments and 

therefore missed cancers - diagnostic threshold models should be adjusted 

accordingly. A radiomics model that can be applied to clinical images will require a 

much larger dataset and multi-vendor images. To allow future meta-analysis and 

strengthen the evidence base, fundamental methodological features should be 

assessed, such as method of segmentation, images used and textural features that 

are consistently discriminatory.  

 

3.6 Key Research Questions 

There was a dearth of research regarding textural analysis and CESM, and little 

published evidence regarding quantitative measures of enhancement characteristics 

at the inception of this research project. However, during the course of the research 

there have been several promising papers published which have been discussed 

above. Following this recent literature review, the following research questions have 

been generated  

• Is it possible to build a model to discriminate benign from malignant lesions 

using HIST and GLCM texture features only? 

• Is it possible to build a model to discriminate the immunophenotype of 

malignant tumours using HIST and GLCM texture features only? 

• Is it feasible to apply the same textural analysis software to CESM images 

generated by different vendor mammography equipment (Hologic and GE)? 

• What is the optimal method of segmentation: freehand or ellipsoid?  

• Are both mammographic views, CC and MLO, required to build an accurate 

model to discriminate benign from malignant lesions 

• Where delayed images are available is it possible to assess washout 

characteristics and correlate with malignancy, immunophenotype or response 

to NACT? 
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Chapter 4: Methods (CONDOR) 

4.1 Study overview 

This is an ethically-approved prospective, paired imaging comparison study of female 

patients, aged over 18 years, receiving NACT to treat invasive breast cancer 

(IRAS project ID 244564). 

Alongside standard-of-care imaging with MRI, study participants were imaged using 

CE-DBT before, during and after completing NACT. 

Potential candidates were identified at the breast multidisciplinary team (MDT) 

meeting when the decision to commence NACT was made. The clinician / nurse pre-

screened with regard to the safety of administering iodinated contrast media and 

other exclusion criteria (see below) at a clinical appointment and eligible women were 

offered the patient information sheet (PIS). Women who accepted the PIS were 

contacted via telephone after a minimum of 24 hours to establish whether they 

wished to take part in the study. Formal written consent was acquired prior to the 

initial CE-DBT study. 

Participants underwent imaging with CE-DBT alongside the gold standard 3-Tesla 

MRI. The CE-DBT and MRI were performed within the shortest interval possible, 

ideally within seven days of each other, in whichever order was logistically preferable 

on an individual basis. Following initial and end-of-treatment imaging patients were 

asked to complete a questionnaire regarding their experience of the imaging 

investigations. 

The decision regarding final surgical plan was made by the MDT after reviewing all 

imaging and clinical findings. Pathological data was recorded from the core biopsies 

at diagnosis and the surgical specimen. In addition to routine analysis, the RCB score 

was calculated on the resection specimen. The study design is illustrated in the flow 

chart below;  
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Figure 3: CONDOR study flowchart 

 

MDT meeting: 
Decision to treat proven invasive breast 

cancer with NACT 

Oncology appointment:  
Study introduced and PIS given to patient 

Follow-up phone call from researcher after 
at least one day:  

Discuss intent to participate 

Chemotherapy pre-assessment visit:  
Consent interview 

Pre-treatment CE-DBT CE-DBT questionnaire 

Mid-point MRI: 
(after 3 cycles of chemotherapy) 

Mid-point CE-DBT:  
(after 3 cycles of chemotherapy) 

Pre-treatment MRI appointment:  
Consent interview (if this has not already 

occurred) 
MRI questionnaire 

Breast Surgery 

Pathology of surgical specimen: 
(including pCR and RCB)  

End of treatment CE-DBT CE-DBT questionnaire 

End of treatment MRI MRI questionnaire 
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4.1.1 Inclusion criteria 

• Age 18 years or older 

• Female 

• Requiring imaging monitoring of response to NACT for biopsy proven invasive 

breast cancer  

• Symptomatic and screen-detected breast cancer 

 

4.1.2 Exclusion criteria 

• Unable to give informed consent 

• Patients with a contraindication to CE-DBT contrast agent (e.g. previous 

contrast reaction, iodine allergy, severe asthma, renal impairment) 

• Previous breast cancer surgery or implants 

• Pregnancy or lactation 

• Contraindication to breast MRI 

 

4.2 CE-DBT  

For each CE-DBT study the participant had an IV cannula inserted into a dorsal 

hand vein or an antecubital vein by a trained practitioner. If the patient already had 

a venous cannula or peripherally inserted central catheter in situ for clinical 

reasons, this was used instead. Prior to contrast injection, patients were informed 

about sensations (e.g. a feeling of warmth throughout the body, a metallic taste in 

the mouth). Iodinated contrast material, omnipaque 300 (GE) 1.5mg/kg was then 

injected intravenously using a power injector at a rate of 2-3ml/sec.  

All CE-DBT images were acquired using the commercially available Selenia 

Dimentions system (Hologic). After 3 mins, to allow time for contrast perfusion, 

imaging in the CE-DBT unit was commenced. The delayed MLO image was 

acquired 9 mins after injection. See figure 4. 
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For the pre-treatment CE-DBT the order of image acquisition was as follows: 

• Index breast: MLO CE-DBT (CESM then DBT), CC CE-DBT  

• Contralateral breast: CC CE-DBT, MLO CE-DBT  

• Index breast: MLO CESM ONLY* 

 
 
Figure 4: Diagram to illustrate pre-treatment image acquisition. *Following a protocol 
amendment, if the patient had known bilateral cancer delayed MLO images were performed on 
both breasts. 

 
For the subsequent mid-treatment and end-of-treatment CE-DBT the contralateral 

breast was not imaged, except in cases of bilateral cancer. The participants were 

observed for 20 minutes following the procedure with the cannula left in case of 

delayed contrast reactions. 

 

4.2.1 Reading protocol (CE-DBT): 

Prior to commencing the study I attended an accredited course for CESM and 

DBT interpretation. I read the three components of the CE-DBT studies in strict 

sequential order. Lesions were scored according to the Royal College of 

Radiologists classification system ranging from 1 (malignant), 2 (benign) through 

to 5 (highly suspicious of malignancy).142 

• The LE images were read first. The findings documented included size and 

location of lesion(s), presence and dimension of suspicious calcification 

and total disease extent.  

• The DBT images were read next; any lesions identified had features, size 

and location recorded. Total disease extent was also measured. 

• The RC images were read last and findings documented. For all lesions; 

shape, border, enhancement pattern were recorded. Change in lesion 

MLO CC MLO CC MLO 

Affected breast Contralateral breast Affected breast 

Low Energy mammogram 
High Energy mammogram 
Tomosynthesis 
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enhancement between the initial and delayed MLO was subjectively 

assessed, and classified as increasing, stable or decreasing.  

4.3 CE-MRI 

In addition to CE-DBT the patient received standard-of-care imaging. This included 

a full field digital mammogram at diagnosis in addition to MRI before, during and 

after treatment. The patients did not require the standard-of-care mammogram 

after treatment as this was replaced by the low energy 2D image performed as part 

of the CE-DBT (as described above). 

All CE-MRI were performed on Siemens 3T Prisma Fit scanner using a dynamic 

contrast-enhanced protocol. The sequences included; T1 2D axial high resolution, 

T2 axial turbo spin echo, diffusion sequences, T1 3D dynamic sequnces (2 pre-

contrast and 7 post-contrast) and a delayed T1 axial high resoltion sequence. 

 

4.3.1 Reading protocol (CE-MRI) 

MRI scans were read by an experienced radiologist blinded to CE-DBT findings, 

but aware of the clinical and FFDM findings, (i.e. identical conditions to those 

under which CE-DBT was read). Lesion position, size and enhancement 

characteritics were recorded. As with CE-DBT, lesions were scored according to 

the Royal College of Radiologists classification.142Total 2D disease extent was 

documented. Lesion signal intensity was measured on the workstation for 

generation of TICs. 

 

4.4 Pathological assessment 

Histology data was recorded from the diagnostic core biopsy and surgical excision 

specimen. With regards to the diagnostic biopsy; the grade of invasive and, where 

present,  in situ disease, tumour type and receptor staus were recorded. In 

addition the surgical pathology included tumour size (WTS and ITS), presence of 

vascular invasion, multifocality and lymph node status. The RCB score was 

subsequently calculated and RCB class assigned. 
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4.5 Patient Questionnaires 

To assess patient acceptibility, participants were asked to complete 

questionnaires regarding their experience of CE-DBT and MRI, both following pre-

treatment imaging and post-treatment imaging. The questions were identical on 

both questionnaires, as shown in the appendix. There were eight questions with a 

four-point categorical response scale. Two questions regarding anxiety and breast 

pain were assessed using a visual analogue scale (VAS); participants were asked 

to place a mark on a linear scale from 0-100. Finally, at both imaging time-points, 

patients were asked to indicate a preference. To capture preference based on 

patient experience, rather than expectation of the test accuracy, the preference 

question was prefaced with ‘assuming CE-DBT and MRI provided equivalent 

diagnostic information’. Several free-text boxes were provided to allow the 

participants to expand on responses. 

 

4.6 Outcome analysis 

Statistical analyses were performed using SPSS (SPSS for Windows. 2017, v25. 

Armonk. NY: IBM Corp) and MedCalc (MedCalc for Windows, v20.011). Ostend, 

Belgium: MedCalc Software). Graphical analysis was performed on Microsoft Excel 

(Microsoft Excel for Mac. 2017, v15.30. Redmond, WA. Microsoft Corp.) and SPSS. 

Software was chosen according to availability of required functionality. 

 

4.6.1 Background and feasibility 

The study was necessarily exploratory given the novelty of the CE-DBT technique. 

The intention was to perform CE-DBT and MRI on 25 patients. As this was a 

feasibility study a formal sample size calculation was not performed. Feasibility 

assessment of likely recruitment rate for a future trial and the practicalities of 

performing the additional imaging within the clinical work flow were considered. 

Patients had both interventions (MRI and CE-DBT) therefore it was not necessary to 

compare background patient characteristics. Time between imaging techniques at 

each time-point and end-of-treatment imaging and surgery were compared using 

Wilcoxon Sign Rank test for non-parametric data. 
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4.6.2 Primary outcomes 

4.6.2.1 Prediction of pCR status on end-of-treatment images 

Patients with matched CE-DBT and MRI end-of-treatment imaging were included 

and maximum suspicious disease dimensions were recorded for all components of 

CE-DBT and MRI in each breast. Pathological results; ITS and WTS were 

considered the ‘ground truth’, and imaging findings were correlated to these. 

Analysis was conducted at ‘breast level’, in other words for patients with bilateral 

cancers the response in each breast was considered separately but in cases of 

multifocal, unilateral disease the combined maximum disease extent was measured. 

The components of CE-DBT; low energy (LE) mammogram, DBT and recombined 

CESM image showing contrast enhancement (CE) were first considered separately. 

To establish the benefit of the additional combined technique the maximum 

measurement for CESM(CE) plus microcalcification on LE mammogram: 

CESM(CE+calc) and maximum measurement for all components: CE-DBT was then 

considered.  

Pathological complete response was defined as the absence of residual invasive 

disease within the breast (ypT0/is) as the presence of residual in-situ disease in the 

absence of invasive disease has been shown to have no adverse effect on survival 

or local recurrence rate.87 The accuracy of imaging for assessing complete response 

was conducted at breast level, i.e. for women with bilateral cancers the response in 

each breast was considered separately. Consistent with previous work evaluating 

the diagnostic accuracy of MRI for identifying pCR, sensitivity was defined as the 

proportion of lesions demonstrating pCR at surgical excision with a corresponding 

imaging complete response; and specificity the proportion of lesions with residual 

invasive disease (non-pCR) with an incomplete response on imaging.82 Diagnostic 

accuracy, sensitivity, specificity, positive predictive value (PPV) and negative 

predictive value (NPV) were calculated.  

4.6.2.2 Prediction of WTS and ITS on end-of-treatment images 

Concordance of residual WTS and ITS with size of residual disease as predicted on 

each imaging modality was considered. As in previous analysis both the individual 

components of CE-DBT and the combined scores were recorded. Analysis was 
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conducted at ‘lesion level’; the size of individual lesions, in cases of pathological 

multifocality, were considered separately. With respect to lesion size, wherever 

possible the largest tumour diameter on imaging (to nearest mm) was used for 

analysis. In a few instances of complex extensive disease, total disease extent on 

imaging was used. For example, when multifocal disease was described differently 

on the various imaging modalities, or when apparently multifocal disease was 

demonstrated to be contiguous on final pathology. 

Results are displayed in scatterplots and Bland Altman plots. Concordance of 

residual WTS and ITS with size of residual disease as predicted on each imaging 

modality was calculated using Lins concordance coefficient143.  

 

4.6.3 Secondary Outcomes 

4.6.3.1 Diagnostic accuracy for detection of multifocality on initial imaging 

Pre-treatment imaging assesses local disease extent and can identify multifocal and 

bilateral lesions. Identifying additional disease, not seen on conventional imaging is 

important to ensure accurate monitoring and subsequent treatment. However false 

positives, when a suspicious area is identified on imaging but is subsequently proven 

to be benign, results in additional biopsies with associated morbidity and cost. When 

considering the diagnostic accuracy for detection of multifocality every additional 

lesion was considered a positive, all breasts with no additional lesions were 

considered a negative. A false positive (FP) was any ‘lesion’ with a suspicion score 

of 3 or above identified on imaging but subsequently proven to be benign or normal 

breast tissue. A false negative (FN) was defined as a lesion not identified or called 

benign on an imaging technique but subsequently proven to be malignant, either 

having been identified on alternative imaging or at final surgery. A true positive (TP) 

was any lesion correctly identified on imaging as malignant. A true negative (TN) 

was defined as a lesion correctly identified as benign on an imaging technique. 

Diagnostic accuracy, sensitivity, specificity, PPV and NPV were calculated. 

4.6.3.2 Change in size between initial and interim imaging: predicting response 

Change in maximum disease extent within each breast as measured on each 

imaging technique was compared to pCR-status and RCB-class to explore whether 

change in size by mid-treatment could predict a good pathological outcome. Both 
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absolute change in size and percentage change in size were considered. Due to 

small sample size RCB classes were grouped into RCB 0-I vs RCB II-III. Statistical 

analysis of categorical outcomes (pCR-status and RCB-class) was performed using 

the Mann Whitney U test for non-parametric data.  

 

4.6.4 Assessment of patient acceptability and preference of CE DBT 

vs MRI 

Acceptability and preference was assessed using patient questionnaires. The 

Wilcoxon sign rank test for related samples was used to assess for significant 

differences between the modalities on those questions using categorical response 

scales. Non-parametric VAS data was also analysed using a Wilcoxon signed rank 

test as recommended by Heller et al144. Binary outcome data was analysed using a 

McNemar test for related samples. The content of the free-text responses was 

summarised according to the subject.  
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Chapter 5: Methods (TACESM) 

This is an ethically-approved, hypothesis generating, retrospective, multicentre 

image analysis study. CESM images were from two sites, Dundee and Nottingham. 

All images were of women aged 18 years and over who consented to the CESM 

procedure. (IRAS project ID: 266560) 

 

5.1 CESM technique 

CESM images were acquired at two centres. On the first site, Dundee, they were 

acquired as part of ethically approved imaging studies, CONDOR and CONTEST. 

Details of CONDOR are provided in the Chapter 4. CONTEST is a prospective 

imaging study comparing the diagnostic accuracy of CESM and MRI for local staging 

of patients with known breast cancer. Imaging for both CONDOR and CONTEST 

was performed using the Hologic protocol described in Chapter 4.  

On the second site, Nottingham, all CESM images were acquired as part of routine 

clinical care. Images were acquired using the commercially available Senobright 

system (GE healthcare). Prior to image acquisition, 100ml of iodinated contrast 

(Niopam 300) was given at a rate of 3ml/sec via a pump injector. Following an 

interval of 2 minutes the initial image was acquired, order of image acquisition was 

usually index breast CC, contralateral CC, then bilateral MLO views. However, as 

they were not acquired as part of a clinical study a strict protocol was not followed.145 

The similarities and differences between the protocols are shown in the table 9 

below. 

Site Vendor Contrast 
medium 

Vol. of 
contrast 

Time to 
imaging 

Order of image 
acquisition 

Delayed 
MLO  

Dundee Hologic Omnipaque 
300 

1.5mg/kg 3 mins Index MLO 
Index CC 
Contralateral 
MLO 
Contralateral CC 

Yes 

Nottingham GE Niopam 
300 

100ml 2 mins Variable No 

Table 9: Imaging protocols for CESM image acquisition 
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5.1.1 Image identification 

Consecutive CESM studies were reviewed from both sites. Those that met the 

inclusion criteria below were allocated a study number and the raw DICOM (Digital 

Imaging and Communications in Medicine) CESM images pseudonymised and 

labelled accordingly.  

5.1.2 Inclusion criteria 

• Women aged 18 years or older 

• Available pathology; either from core biopsy or surgical specimen 

• Visible mass lesion on CESM images 

5.1.3 Exclusion criteria 

• No abnormal enhancement on CESM 

• Non-mass enhancement only on CESM 

5.2 Pathology 

In the case of multifocal or bilateral disease, all lesions with corresponding 

pathology were included. The relevant pathology records were then reviewed and 

the immunohistology of the corresponding core biopsy and surgical specimen 

(where available) were documented. The images were subsequently linked to the 

pathology records for each individual according to the study number. The following 

details were recorded; 

• Manufacturer of mammographic equipment (GE or Hologic) 

• Biopsy suspicion score (B1-5) 

• Final pathological diagnosis 

• Where available subjective assessment of wash-in / out was recorded 

Where the diagnosis was of breast malignancy the following additional details 

were recorded  

• Whether the patient received NACT 

o If yes; whether they had a complete pathological response 

• Tumour histological subtype  

• Tumour grade (from the surgical specimen) 

• Receptor status (ER, PR and HER2)  
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5.3 Textural analysis 

The pseudonymised raw DICOM images and immunohistological data were 

transferred to the University of Dundee, using an encrypted drive, for textural and 

statistical analysis.  

Textural analysis  (TA) was performed on the raw DICOM images using MaZda 

analysis software146. Where multiple lesions were present all lesions with available 

corresponding pathology were analysed. Lesions were identified on the pathology 

case report form by their position within the breast to ensure the pathology-

radiology correlation. Whilst most lesions were visible on both views (CC and 

MLO), some were only visible on an individual view due to the position of the 

lesion within the breast. All views of lesions were included for TA. 

As illustrated below (figure 5), for each lesion, on each view, two separate ROIs 

were drawn; a free-hand ROI (FH_ROI) encompassing the entire lesion, and an 

oval ROI (oval_ROI) covering the largest possible area of the lesion. Foreign 

bodies such as marker clips were excluded from the ROI. A further ROI 

representative of the grey-level signal of the normal breast tissue was drawn, 

labelled ‘background’. This process was repeated for the second mammographic 

view. Figure 6 illustrates the hierarchy of data; from patient-level to ROI-level 

 

1a.                                                       1b.                                                      1c. 
Figure 5(a) RCC image loaded onto the MaZda software programme, (b) red freehand ROI (c) 
ellipsoid ROI (green) and background ROI (blue). 
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Figure 6: Hierarchy of data. 

 
Despite extensive literature searches, no published data pertaining to textural 

analysis applied to CESM images was identified when the study protocol was 

prepared in 2017. Therefore this model was proposed based on textural analysis 

work conducted on breast MRI images to differentiate benign from malignant 

lesions, and malignant histological subtype classifications.92 Prior to conducting 

textural analysis, grey-normalisation and re-binning was conducted, in-line with 

previous research.93  Grey-scale normalisation was carried out by rescaling the 

data to fit within three standard deviations of the grey-level mean. For analysis of 

image intensity, it was necessary to re-bin the data to 6 bits/pixel. This was to 

reduce the number of grey-levels from the 216 grey-levels present within a DICOM 

image, thus increasing the chances of identifying co-occurring pixel intensities. 

With regards to GLCM features the distance, or separation between pixel pairs 

was set at n=2 for fine texture and n=5 for coarse texture, as per published data 

on textural analysis in breast disease.93  For each ROI first-order statistics based 

on histogram analysis were calculated, primarily to quantify the degree of 

enhancement, and GLCM statistics were generated to assess lesion 

heterogeneity.96  

5.4 Machine Learning 

Machine learning was undertaken in collaboration with Health Data Scientists, 

Utkarsh Agrawal (UA) and Adeniyi Francis Fagbamigbe (AFF), supervised by Prof. 

Colin McCowan, from the University of St. Andrews. SS gave information and 

advice on the different aspects of the data but UA and AF were responsible for the 

independent generation of the models. Models were developed using descriptive 

characteristics for results of the textural analysis and then discussed with SS who 

was solely responsible for clinical interpretation of the results. The following 

outcomes were investigated 

CC 

FH Ellip 

MLO 

FH Ellip 

CC 

FH Ellip 

MLO 

FH Ellip 

Lesion 1 Lesion 2 

Patient Patient 

Lesion 

View 

ROI 



 68 

- Lesion classification as Benign or Malignant 

o Model accuracy according to type of ROI (Freehand vs Ellipsoid) 

o Model accuracy according to mammographic view (CC vs MLO vs 

both) 

o Model accuracy according to vendor (Hologic vs GE) 

- Invasive lesion classification according to tumour grade 

- Invasive lesion classification according to hormone (oestrogen and 

progesterone) receptor (ER and PR) status and HER2 receptor status 

- Pre-treatment lesion classification according to response to neoadjuvant 

chemotherapy (pCR vs non-pCR) 

 

5.4.1 Classification technique 

The classification technique adopted in this study is a machine learning algorithm 

technique used to determine the group in which a new object belongs by assigning 

class labels.147 A training set where the final class labels are known, for example 

benign/malignant, was used to construct the classifier. We employed a four-

layered Artificial Neural Network (ANN) classification algorithm, also known as 

multi-layer perceptron, a technique based on a back-propagation (experiential) 

learning method,148 as illustrated in figure 7 below. The information received by the 

input layer consisted of the 22 TA features (input) in addition to the specific output 

measure of interest (final class label). This information was then forwarded to two 

hidden layers via synapses, and finally to the output layer. In the training set the 

final class label is known. The predicted output is compared with known outputs 

and the error is calculated. The network then learns by backpropagating the error 

and readjusting the weights. The learning continues until the error is below the 

‘error threshold’.  

Using the classification rules, the goal of the ANN is to accurately predict the final 

class label of the test objects i.e. classifying outcome of interest. A technical 

description of the model was created by Health Data Scientists, AU and AF, and 

states that ‘with a sigmoid activation function and adam optimisation with binary 

cross-entropy loss function to model the weighted sum, achieved the best results’. 

There is no overlap between the training and test sets.  
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The number of input values was fixed for each model, however the number of 

nodes (illustrated as circles in figure 7) within the hidden layers varied. These 

nodes were randomly assigned ‘weights’ at the beginning of each run. Information 

is transferred from each input value through the nodes in the hidden layers to the 

output layer. The relative weights of each node were then adjusted through 

backpropagation according to the accuracy of the output classification, this 

pathway (illustrated with red arrows) is referred to as an epoch. One run is 

comprised of 300 epochs, the number of passes of the entire training dataset the 

machine learning algorithm has completed. 

 

Figure 7: Graphical representation of an ANN. The white circles represent nodes; total red 
arrows represent one epoch. 

 

5.4.2 Feature Engineering 

The input layer consisting of individual TA outputs generated from the GLCM and 

HIST were considered features. These features have different ranges of values 

which can skew the results while classifying. The features were updated using a 

process known as z-score normalisation, by subtracting the mean in the numerator 

(zero-mean) and dividing by the standard deviation (unit-variance), to ensure that 

all features used the same scale; 0-1.  

Input layer Hidden layer 1 Hidden layer 2 Output layer 
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Correlation between features was checked to assess the need for feature 

reduction. A high correlation indicates that the features are related indicating the 

need for feature reduction, while a low correlation indicates features are not 

related. It must be noted that unlike similar studies133 134 137 139 the number of TA 

input features was optimised to 22 based on previous MRI.92 Correlation among 

the features was not high i.e. features were less dependent on each other. 

Therefore, following advice from the data scientists, feature reduction was not 

performed as doing so would likely result in poorer model accuracy. The possibility 

of feature reduction to identify the key TA features for each model could be 

explored in future work with a larger dataset.  

 

5.5 ANN models: Statistical Analysis 

For each analysis, the classification of one outcome was compared with another 

for example benign vs malignant, using the extracted textural features. The 

technique for generating the ANN model remained consistent for each analysis. 

However, the models produced were inevitably different with varying numbers of 

nodes in each hidden layer. The proportion of data randomly selected for training 

and testing also differed between models. 

The results were reported using parameters model accuracy, F1 score, sensitivity, 

specificity, PPV and NPV. F1 score is a measure of model accuracy for a dataset 

based on precision and recall relative to a specific positive class.  The results 

show average accuracy with standard deviation and 95% confidence interval (CI) 

for 30 runs. Python 3.7 on Jupyter notebooks was used for all the coding analysis.  

 

5.5.1 Benign vs Malignant 

Due to the small number of benign lesion samples, oversampling was performed 

to balance the number of samples  to aid the classification. Random samples for 

benign lesions were generated to balance the class distribution at 2:1 

(malignant:benign).  

Subset analysis was conducted using separate models to compare accuracy for: 

• Type of ROI: FH_ROI vs Ellipsoid_ROI: During each run 75% of the data 

was randomly selected for training, and the remaining 25% for testing. The 
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model had 100 and 50 hidden nodes for the two hidden layers respectively, 

with 300 epochs during each run. 

• Mammographic view: CC vs MLO vs combined (CC+MLO): During each 

run 75% of the data was randomly selected for training, and the remaining 

25% for testing. The model had 100 and 300 hidden nodes for the two 

hidden layers respectively, with 300 epochs during each run. 

• Vendor: Hologic vs GE: During each run 75% of the data was randomly 

selected for training, and the remaining 25% for testing. The model had 100 

and 50 hidden nodes for the two hidden layers respectively, with 300 

epochs during each run. 

A test of equality of proportions was used to establish whether there was a 

significant difference in accuracy between the models for each subset analysis. 

 

5.5.2 Tumour Grade  

Using the same technique, models were developed to classify lesions according to 

tumour grade. Due to extremely small numbers of grade 1 tumours it was not 

possible to use this as a separate category. Therefore, grade 1 & 2 tumours were 

combined to form a ‘low grade’ (LG) group and compared to grade 3 tumours which 

were considered high grade (HG). 

Since the ratio of class distribution was balanced, oversampling was not required 

with this outcome. During each run 80% of the data was randomly selected for 

training, and the remaining 20% for testing. The model had 100 and 50 hidden nodes 

for the two hidden layers respectively, with 300 epochs during each run. 

 

5.5.3 Hormone receptor status 

Due to the exploratory nature of this work and small numbers in certain subgroups 

each receptor was considered in isolation. It was not possible to compare derived 

breast cancer subtypes. Thus, separate models were developed to classify lesions 

as ER+ vs ER-, PR+ vs PR-, HER2+ vs HER2-.  

Due to the small number of ER- and HER2+ samples, oversampling was performed 

to balance the number of samples to aid the classification. Random sample were 

generated to balance the class distribution at 2:1 (ER+:ER- and HER2-

:HER2+).During each run 80% of the data was randomly selected for training, and 
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the remaining 20% for testing. Each model had 100 and 50 hidden nodes for the two 

hidden layers respectively, with 300 epochs during each run. 

 

5.5.4 Response to Neoadjuvant Chemotherapy 

A predictive model was developed to classify lesions into those that completely 

responded to neoadjuvant chemotherapy (pCR) and those that had residual disease 

(non-pCR), based on textural analysis features of the baseline CESM. 

Due to the small number of pCR samples, oversampling was performed to balance 

the number of samples to aid the classification. Random samples were generated to 

balance the class distribution at 2:1 (non-pCR:pCR). During each run 80% of the 

data was randomly selected for training, and the remaining 20% for testing. The 

model had 50 and 100 hidden nodes for the two hidden layers respectively, with 300 

epochs during each run. 

 

5.6 Dynamic tumour enhancement with CESM 

Dynamic enhancement characteristics produced by MRI can be useful in predicting 

malignancy, histological grade of a lesion and response to neoadjuvant 

chemotherapy. Therefore, I analysed quantitative lesion enhancement on initial and 

delayed CESM images to investigate whether it may be possible to derive similar 

information. It was not possible to compare the enhancement characteristics of 

benign and malignant lesions or to generate cut-off values for wash-out 

characteristics due to the paucity of benign lesions. Consequently, the cut-off of +/-

10% change previously described for MRI, and more recently CESM, was used to 

differentiate type 1, 2 and 3 curves.51 127 131 

The 95%CI, 90%CI and mean enhancement values from histogram analysis were 

used; lesion freehand ROIs (FH_ROI) and ellipsoid ROIs (ellipsoid_ROI) were 

considered separately. The following indices were calculated: 

 

5.6.1 Relative lesion enhancement (RLE):  

This is a  measure of early enhancement, as no pre-enhanced subtracted images 

are produced by CESM, background enhancement was used as an alternative.  

RLE = Initial enhancement-background enhancement      x 100 
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Background enhancement 

 

5.6.2 Washout Index (WI):  

This is a measure of later enhancement characteristics, similar to MRI but with 

background ROI used instead of pre-enhancement signal intensity. 

WI = Initial enhancement-delayed enhancement    x 100 

  Background enhancement  

 

 

5.6.3 Relative enhancement difference (RD):  

This may be more appropriate for CESM due to the lack of pre-enhanced views, and 

early promising results have been shown131 

RD = delayed enhancement-initial enhancement   x 100 

  Initial enhancement  

 

5.6.4 Subtracted relative enhancement difference (SRD):  

First, subtracted values were calculated for both initial and delayed images by 

subtracted background ROI from lesion ROI, thus producing an indication of the 

excess enhancement seen in the lesion. These values were then used to calculate 

the subtracted relative enhancement difference. 

SRD = Subtracted delayed enhancement-subtracted initial enhancement x100 

            Subtracted initial enhancement  

 

5.6.5 Enhancement Curve:  

Curve types were generated using the SRD. Due to the narrow spectrum of 

greyscale values seen in CESM, within the extremely large possible range neither 

the WI nor RD can generate values close the 10% cut-off used in MRI. Type I: SRD 

< -10%, Type II: SRD -10% – 10%, Type III: SRD > 10% 

It was hypothesised that more aggressive lesions would demonstrate rapid wash-in 

followed by washout characteristics, as seen on MRI. In other words, a higher RLE 

followed by a negative value for RD and SRD. By contrast more benign lesions 

would demonstrate a lower RLE followed by a positive RD and SRD. It was 
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hypothesised that WI would be higher amongst more aggressive lesions. The 

following relationships were assessed: 

• CESM and MRI enhancement characteristics: Due to the lack of benign 

lesions in our dataset it was not possible to directly assess and compare the 

enhancement characteristics of benign and malignant lesions. Therefore, the 

MRI TIC was used as a surrogate marker. 

• Qualitative and quantitative CESM enhancement characteristics 

• CESM dynamic contrast features and tumour grade: this was only performed 

on lesions treated with primary surgery. Patients treated with NACT were 

excluded as chemotherapy can affect tumour grade at surgery. 

• CESM dynamic contrast features at pre-treatment and mid-treatment and 

complete pathological response  

Statistical analysis of continuous variables was performed using either a two-

tailed Mann Whitney U test for non-parametric data or Kruskal-Wallis test for 

independent samples, for data with two or three possible outcome categories 

respectively. Analysis of ordinal data was performed using linear weighted 

Cohen’s Kappa. 
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Chapter 6: Results (CONDOR) 

6.1 Background & Feasibility  

Forty-one women were identified as potential participants following the decision to 

consider NACT at the MDT meeting. The recruitment pathway is illustrated below. 

 

Figure 8: CONDOR recruitment pathway 

 
Recruitment was closed early due to the onset of the COVID pandemic. Ultimately 

eighteen patients were recruited, with a recruitment rate of 58% of eligible patients. 

The average age of participants was 52.7 years (range 32-72 years).  Of note three 

patients could not be recruited due to logistical issues; there was insufficient time 

and availability of equipment to arrange the pre-treatment CE-DBT between the 

oncology appointment when the decision to treat with NACT was made, and the first 

chemotherapy cycle.  
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6.1.1 Tumour features 

Thirteen women had unifocal disease, three had unilateral multifocal disease (two 

tumours), and two had bilateral disease. One of the women with bilateral disease 

had three distinct tumours. In total, there were 24 invasive cancers in 18 women. 

Twenty-three (96%) of the cancers were invasive ductal carcinoma no special type 

(IDC NST). There was a single invasive lobular cancer (ILC), this tumour was occult 

on all imaging in a patient with bilateral IDC.  

Tumour features are illustrated in the figure 9, below. 

 

      

Figure 9: Tumour grade and receptor status 

 
With respect to invasive tumour grade: fourteen (58%) were grade 3, nine (38%) 

grade 2 and one (45) grade 1. The single grade 1 tumour was an unexpected finding 

in a woman with contralateral grade 3 IDC NST. Regarding receptor status; twelve 

(50%) were ER/PR+ve HER-ve, nine (37%) were HER2+ve and three (13%) were 

triple negative.  
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6.1.2 Chemotherapy regimes 

The chemotherapy regimens received by the 18 participants are detailed below.  

n FEC 
75 

Taxane Cyclophosphamide Reason 

12 3 3 (Docetaxal) 0 Local standard of 
care 

1 3 7 (1 Docetaxal, 6 
Paclitaxel) 

0 Reaction to 
Docetaxel (rash) 

1 3 5 (Docetaxal) 0 Bone metastases, 
palliative 

2 6 0 0 Unknown 

2 0 4 4 Frail, comorbidities 
Table 10: Chemotherapy regimes 

 
One participant (study ID 15) who developed bone metastases whose treatment 

became palliative had five cycles of docetaxel prior to surgery. The final two cycles 

were given following end-of-treatment imaging (MRI alone). This case was therefore 

excluded from analysis of final imaging and imaging-pathology correlation. The 

remaining patients had imaging after cycle 3 and at the end of treatment (irrespective 

of total number of cycles of chemotherapy) 

 

6.1.3 Adverse events and study withdrawal 

There were no significant adverse events, including contrast reactions. One patient 

(study ID 03) withdrew from the study at mid-treatment due to difficult intravenous 

access and pain at previous injection site.  

Participants with missing or incomplete studies are detailed in table 11. 
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Study 
ID 

Modality Time point Reason 

03 MRI, CE-
DBT 

Mid-treatment, 
End-of-
treatment 

Withdrew 

06 MRI End-of-
treatment 

Not standard of care, 4 cycles of 
chemotherapy 

07 MRI End-of-
treatment 

Not standard of care, 4 cycles of 
chemotherapy 

04 Delayed 
CESM 

Pre-treatment Unilateral delayed imaging, bilateral cancer 

06 Delayed 
CESM 

Mid-treatment Equipment failure 

15 CE-DBT End-of-
treatment 

Developed metastases, palliative, COVID 

10 DBT, CESM Mid-treatment Human error 

17 CE-DBT Mid-treatment COVID 

18 CE-DBT Mid-treatment COVID 
Table 11: Details of incomplete studies 

 
As described above; two participants received four, rather than six cycles of 

chemotherapy, therefore following the local standard-of-care pathway they did not 

receive an end-of-treatment MRI.  Due to the COVID pandemic it was not possible to 

offer mid-treatment CE-DBT to two participants and end-of-treatment CE-DBT to a 

third participant especially as she had developed metastases and become palliative.  

One patient only had a digital mammogram (without contrast) at mid-treatment due 

to human error. A further patient did not have a delayed image due to equipment 

failure. Of note, one patient with bilateral cancer only had unilateral delayed images 

at pre-treatment in accordance with the original protocol. A protocol amendment was 

subsequently made to allow bilateral delayed CESM in women with bilateral 

tumours. 

Therefore, there were 47 patient episodes with matched imaging (i.e. CE-DBT and 

MRI). 18 at pre-treatment, 15 at mid-treatment and 14 at end-of treatment. Twelve 

patients had imaging with both techniques at all time-points. 
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6.1.4 Timing of imaging and surgery 

The interval between the CE-DBT and MRI (in any order), and the interval from 

imaging to surgery is illustrated in the table below.  

 Interval between CE-DBT & MRI (days) Interval between 
imaging and surgery 
(days) 

Study ID Initial Mid-treatment End-of-
treatment  

CE-DBT  MRI  

01 7 11 4 27 23 

02 18 6 0 33 33 

03 18 - - - - 

04 13 8 5 15 20 

05 15 3 6 14 20 

06 6 4 - 14 - 

07 0 4 - 7 - 

08 31 0 2 22 24 

09 7 0 0 28 28 

10 6 2 0 24 24 

11 7 3 0 31 31 

12 0 4 4 34 30 

13 11 8 3 26 29 

14 7 1 4 42 38 

15 11 3 - - 64 

16 14 6 6 13 19 

17 1 - 4 15 19 

18 0 - 13 36 23 

Mean (all) 9.56 4.20 3.64 23.81 28.33 

Range (all) 0-31 0-11 0-13 7 - 42 19 - 64 

Mean (matched) 25.71 25.79 

Range (matched) 13 - 42 19 - 38 
Table 12: Interval between imaging techniques, and imaging techniques and surgery  

 
The interval between CESM and MRI at pre-treatment was significantly longer than 

the interval at both mid-treatment (p = 0.21) and end-of treatment (p = 0.29). 

However, there was no significant difference between mid- and end-of-treatment 

imaging, p = 0.77.  

There is an outlier for in the pre-treatment imaging (study ID 08). This participant had 

CE-DBT at diagnosis as part of a different research trial, CONTEST. The decision to 

give NACT and pre-treatment MRI were delayed as the patient did not attend a 

number of subsequent appointments, hence there was a gap of 31 days between 

pre-treatment CE-DBT and MRI. When this outlier is removed from analysis, the 

difference in imaging interval between pre- and mid-treatment remains significant (p 
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= 0.04) however the difference between pre- and end-of-treatment is no longer 

significant p = 0.57. 

Time from final imaging to surgery for all patients was on average 23.81 days (range 

7 – 42) and 28.33 days (range 19 – 66) for CE-DBT and MRI respectively. The 

outlier (study ID 15) had an additional two cycles of chemotherapy following end of 

treatment MRI, as explained previously. For cases with matched data the time to 

surgery did not significantly vary 25.71 days, (13 – 42 days); 25.79 days (19 – 38 

days) for CE-DBT and MRI respectively, p = 0.711. 

 

6.2 Primary Outcomes 

6.2.1 Prediction of pCR on post-chemotherapy images 

Only patients with matched CE-DBT and MRI end-of-treatment imaging were 

included in this analysis. Of 16 breasts with cancer in 14 women, 10 demonstrated a 

complete pathological response (pCR), with a prevalence of 62.5%. Sensitivity was 

defined as the proportion of lesions demonstrating pCR at surgical excision with a 

corresponding imaging complete response; and specificity the proportion of lesions 

with residual invasive disease (non-pCR) with an incomplete response on imaging 

The diagnostic accuracy of each imaging modality in predicting pCR is illustrated in 

table 13. 

Modality Imaging 
response 

Pathological 
response 

Sensitivity 
(95% CI) 

Specificity 
(95% CI) 

PPV  
(95% CI) 

NPV 
(95% CI) 

Diagnostic 
accuracy 

pCR Non-pCR 

LE 
mammo 

CR 5 3 55.56 
21.20 – 86.30 

57.14 
18.41 – 90.10 

62.50 
37.17 – 82.44 

50.00 
27.44 – 72.56 

56.25 
29.88 – 80.25 Non-CR 4 4 

DBT CR 5 2 55.56 
21.20 – 86.30 

71.43 
29.04 – 96.33 

71.43 
40.31 – 90.25 

55.56 
34.42 – 74.86 

62.50 
35.43 – 84.80 Non-CR 4 5 

CESM 
(CE) 

CR 9 3 100.00 
66.37 – 100.00 

57.14 
18.41 – 90.10 

75.00 
56.05 – 87.59 

100.00 81.25 
54.35 – 95.95 Non-CR 0 4 

CESM 
(CE+calc) 

CR 5 3 62.50 
24.49 – 91.48 

57.14 
18.41 – 90.10 

62.50 
37.78 – 82.06 

57.14 
30.72 – 80.04 

60.00 
32.29 – 83.66 Non-CR 3 4 

CE-DBT CR 5 2 55.56 
21.20 – 86.30 

71.43 
29.04 – 96.33 

71.43 
40.31 – 90.25 

55.56 
34.42 – 74.86 

62.50 
35.43 – 84.80 Non-CR 4 5 

MRI CR 4 1 44.44 
13.70-78.80 

85.71 
42.13 – 99.64 

80.00 
36.13 – 96.59 

54.55 
38.33 – 69.85 

62.50 
35.43 – 84.80 Non-CR 5 6 

Table 13: Diagnostic accuracy for predicting pCR according to imaging technique 

 
The greatest diagnostic accuracy, 81.25% was seen with CESM(CE). This technique 

identified all patients who had a pCR, however three patients with incomplete 

pathological response were considered to be complete responders due to lack of 

residual enhancement. In two of these breasts the foci of residual invasive disease 
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measured 6mm or less, as shown in figure 10. In one case, there were foci of 

invasive disease over an area on 72mm, however, the pathology in this case is 

reported as ‘marked and almost complete pathological response to neoadjuvant 

chemotherapy…there has been more than 90% loss of tumour cellularity.’ 

 
Figure 10: End-of-treatment CESM in a patient with bilateral cancer demonstrating no residual 
enhancement. 
In the right breast 6mm residual grade 1 IDC was present (false negative), in the left breast 
1mm residual DCIS, no residual invasive disease (true negative) 

 
LE mammogram had lower sensitivity for pCR with identical specificity, thus the 

combination of microcalcification and enhancement did not improve accuracy, 

resulting in a lowered sensitivity with no improvement in specificity and therefore a 

lower overall diagnostic accuracy.  

DBT, CE-DBT and MRI had equivalent accuracy for pCR of 62.50%. These 

techniques demonstrated lower sensitivity than CESM (CE) but higher specificity. In 

the case of DBT two cases of residual invasive disease were not identified, one 

patient with two foci of 0.8mm and 4mm, and the patient with the 72mm area 

showing almost complete response described above. These three cases were the 

same cases that CESM(CE) failed to identify. MRI failed to identify a 6mm site of 

invasive disease. However, DBT and MRI only identified 5 (55.6%) and 4 (44.4%) 

patients with pCR respectively, resulting in a lower sensitivity. The results of a 

combined CE-DBT study were identical to that of DBT alone, with an incremental 

increase in specificity but larger drop in sensitivity.  
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6.2.2 Prediction of residual WTS on post-chemotherapy imaging 

Correlation between whole tumour size (WTS) and the size of residual tumour 

predicted on each imaging modality are displayed in the figures 11 & 12 and table 14 

below. 

 

Figure 11: Final imaging size vs whole tumour size 
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Figure 12: Bland Altman plots illustrating the difference between final imaging size and whole 
tumour size. 
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 Mean lesion 

size (mm) 
Imaging size-WTS 
(mm) 

Lin’s concordance 
coefficient 

95% Confidence 
Interval 

Lower Upper 

WTS 21.9   

LE Mammogram 19.1  -2.8 0.68 0.33 0.86 

DBT 19.3  -2.6 0.64 0.27 0.85 

CESM (CE) 11.2  -10.7 0.52 0.12 0.78 

CESM (CE+calc) 18.5 -3.4 0.69 0.36 0.87 

CE-DBT 21.5 -0.4 0.65 0.29 0.85 

MRI 22.8  1.0 0.86 0.67 0.95 

Table 14: Lin’s Concordance co-efficient for predicting whole tumour size according to 
imaging modality. 

 
When considered separately, the components of CE-DBT confer similar reliability, 

with concordance coefficients for LE mammography, DBT and CESM(CE) of 0.68, 

0.65 and 0.53 respectively. The combined assessment CESM(CE+calc) increases 

concordance to 0.70. No benefit is seen when combining with DBT, with an overall 

CE-DBT concordance of 0.67. MRI confers the strongest concordance (0.87). 

Due to the small sample size, the confidence intervals are relatively large, however 

the mean values suggest MRI tends to over-estimate disease, whereas CE-DBT 

tends to under-estimate.  
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6.2.3 Prediction of residual ITS on post-chemotherapy imaging 

As with WTS, correlation between invasive tumour size (ITS) and the size of residual 

tumour predicted on each imaging modality are displayed in the figures 13, 14 and 

table 15 below. 

 

Figure 13: Final imaging size vs invasive tumour size 
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Figure 14: Bland Altman plots illustrating the difference between final imaging size and 
invasive tumour size 
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 Mean lesion 
size (mm) 

Imaging size – 
ITS (mm) 

Lin’s 
concordance 
coefficient 

95% Confidence 
Interval 

Lower Upper 

ITS 11.9   

LE 
Mammogram 

18.1 6.1 0.43 <0.01 0.73 

DBT 18.2 6.3 0.43 <0.01 0.73 

CESM(CE) 10.6 -1.3 0.70 0.39 0.88 

CESM(CE+calc) 17.4 5.5 0.46 <0.01 0.74 

CE-DBT 20.3 8.3 0.43 0.02 0.72 

MRI 21.6 9.7 0.66 0.34 0.85 

Table 15: Lin’s Concordance co-efficient for predicting invasive tumour size according to 
imaging modality. 

 
Both CESM(CE) and MRI confer similar reliability for predicting ITS; concordance 

coefficients: 0.7 and 0.66 respectively. The mean lesion size indicates that whilst 

CESM(CE) tends to slightly under estimate tumour size, MRI tends to over-estimate 

disease extent. The incremental addition of LE and DBT to CESM(CE), lowers the 

reliability with LE, DBT, CESM(CE+Calc) and CE-DBT conferring poor reliability. 

 

6.3 Secondary Outcomes 

6.3.1 Diagnostic accuracy for detection of multifocality of initial 

imaging 

Five patients had multifocal disease, with six additional sites of disease confirmed on 

pathology; thus 24 lesions were present in thirty-six breasts, as detailed in table 16 

below. 

No. of 
patients 

Multifocal  Bilateral No lesions per 
participant 

Total no. lesions 

13 N N 1 13 

3 Y N 2 6 

1 Y Y 2 2 

1 Y Y 3 3 

Total: 18  24 
Table 16: Presence of multifocality and bilaterality according to pathology 
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The resulting accuracy, sensitivity and specificities of the individual modalities are as 

follows.  

 Positive Negative Sensitivity 
(95% CI) 

Specificity 
(95% CI) 

PPV NPV Accuracy 
(%) TP FN TN FP 

LE 2 4 31 0 33.3 
4.3-77.7 

100.0 
88.8-100.0 

100.00 88.6 
81.5-93.2 

89.2 
74.6-97.0 

DBT 3 3  31 0 50.0 
11.8-88.2 

100.0 
88.8-100.0 

100.0 91.2 
82.3-95.8 

91.9 
78.1-98.3 

CESM 
(CE) 

5 1  30 1  83.3 
35.9-99.6 

96.8 
83.3-99.9 

83.33 
41.3-97.3 

96.77 
83.4-99.5 

94.6 
81.8-99.3 

CESM 
(CE+calc) 

5 1 30 1 83.3 
35.9-99.6 

96.8 
83.3-99.9 

83.33 
41.3-97.3 

96.77 
83.4-99.5 

94.6 
81.8-99.3 

CE-DBT 5 1 30 1 83.3 
35.9-99.6 

96.8 
83.3-99.9 

83.33 
41.3-97.3 

96.77 
83.4-99.5 

94.6 
81.8-99.3 

MRI 4 2  29 2  66.7 
22.3-95.7 

93.6 
78.6-99.2 

66.7 
31.8-89.6 

93.6 
82.3-98.0 

89.2 
74.6-97.0 

Table 17: Diagnostic accuracy of diagnosing additional lesions (multifocality) according to 
imaging modality 
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An example of multifocal disease, visible on all imaging techniques is illustrated in 

figure 15. The index lesion was a grade 3 ductal of no special type (NST), ER+ve, 

PR-ve, HER2-ve. The smaller satellite was a triple negative grade 3 ductal NST. 

 

 
Figure 15: (Clockwise from top left): RCC and RMLO views from CE-DBT study: LE 
mammogram, selected slice from DBT study, CESM with delayed image showing washout and 
corresponding sagittal reformat from MRI study. 

 
 

 

 

 

 

 

 



 90 

One site of bilateral disease, an invasive lobular cancer, was occult on all imaging 

modalities. The contrast-enhanced CESM image identified all other sites of 

multifocality with one false positive due to residual enhancement in a papilloma 

excision bed, as shown in figure 16. 

 
 
Figure 16: Bilateral CESM images. Left breast: Multifocal grade 2 ductal NST, Right breast: 
faint enhancement adjacent to marker clip represents papilloma excision bed (false positive) 

 
 

In addition to the occult ILC, a contralateral grade 1 tumour was not identified on 

MRI, as illustrated in figure 17. MRI false positive results were seen in two breasts, 

resulting in three benign biopsies.  

 
Figure 17: (Left to right). Bilateral CESM images showing a right grade 1 ductal carcinoma and 
a symptomatic left grade 3 ductal carcinoma. The small left cancer is not seen on MRI. 
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A greater extent of multifocal disease was occult on both LE mammogram and DBT 

with only half of additional disease identified on DBT and a third on mammogram. As 

illustrated in figure 18.  Neither modality generated any false positives. 

 
Figure 18: (Left to right: LE mammogram, DBT, CESM and MRI). Multifocal left breast cancer: 
Index lesion is subtle but visible on LE and DBT. Satellite is only seen on CESM and MRI. 

 
 

6.3.2 Change in size between initial and interim imaging: predicting 

response 

Four patients did not have a mid-treatment CE-DBT and in one case the MRI total 

disease extent was unobtainable, therefore data from thirteen patients was included. 

For one patient with bilateral disease the RCB-class was only available for one 

breast, thus there were 14 lesions considered in relation to pCR status and 13 

lesions in relation to RCB score. Results are shown in the tables 18 & 19 below. As 

expected the pCR group demonstrated greater average reductions in size than the 

non-pCR group. However, this did not reach statistical significance. The most 

notable trend was seen in percentage-size change on CESM which neared statistical 

significance (median: -34.95 vs -17.56, p=0.098). With regards to predicting RCB-

status, a significant difference was seen between the RCB 0-I and RCB II-III groups 

for percentage-size change on MRI (-31.25 vs -12.67, p=0.045) a similar trend was 

seen for CESM although this did not reach statistical significance (-37.50 vs -17.56, 

p=0.085). 
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Table 18: Change in imaging lesion size in relation to pCR-status

Imaging technique Pathological Complete 
response 

p 

Yes (n=6) No (n=8)  

Change in size    

 LE_mammogram    

  Median -0.50 -9.00  

  IQR 27.50 47.75 0.746 

 DBT    

  Median -5.50 -6.00  

  IQR 19.75 21.00 0.698 

 CESM    

  Median -16.00 -10.50  

  IQR 23.25 17.25 0.698 

 CESM+calc    

  Median -16.00 -10.50  

  IQR 23.25 17.25 0.698 

 CE-DBT    

  Median -16.00 -10.50  

  IQR 24.25 7.50 0.747 

 MRI    

  Median -8.00 -4.00  

  IQR 10.25 31.25 0.299 

Percentage change in size    

 LE_mammogram     

  Median -1.47 -33.48  

  IQR 91.32 149.68 0.605 

 DBT     

  Median -13.26 -14.39  

  IQR 64.53 66.30 0.897 

 CESM     

  Median -34.95 -17.56  

  IQR 78.52 28.24 0.093 

 CESM+calc     

  Median -34.95 -17.56  

  IQR 78.52 28.24 0.093 

 CE-DBT     

  Median -34.95 -20.49  

  IQR 83.07 19.99 0.196 

 MRI     

  Median -12.67 -30.63  

  IQR 55.14 8.63 0.142 
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Table 19: Change in imaging lesion size in relation to RCB-class and RCB-score 

 

 

Imaging technique RCB class Mann-
Whitney 
U 

Pearsons correlation 
coefficient 

I-II (n=7) III-IV 
(n=6) 

p r p 

Change in size    

 LE_mammogram  
 
0.617 

  

  Median -1.00 -10.50   

  IQR 20.00 68.00 0.104 0.735 

 DBT  
 
0.720 

  

  Median -1.00 -6.00   

  IQR 24.00 13.00 0.162 0.598 

 CESM  
 
0.774 

  

  Median -24.00 -10.50   

  IQR 21.00 17.75 0.139 0.651 

 CESM+calc  
 
0.774 

  

  Median -24.00 -10.50   

  IQR 21.00 17.75 0.139 0.651 

 CE-DBT  
 
0.617 

  

  Median -12.00 -10.50   

  IQR 21.00 10.25 0.197 0.519 

 MRI  
 
0.150 

  

  Median -8.00 -4.00   

  IQR 27.00 24.50 0.246 0.419 

Percentage change in size    

 LE_mammogram  
 
0.520 

  

  Median -2.94 -38.97   

  IQR 61.68 119.59 0.061 0.844 

 DBT  
 
0.475 

  

  Median -8.33 -14.39   

  IQR 78.10 31.99 0.140 0.649 

 CESM    

  Median -37.50 -17.56    

  IQR 77.42 32.79 0.086 0.415 0.159 

 CESM+calc  
 
0.086 

  

  Median -37.50 -17.56   

  IQR 77.42 32.79 0.415 0.159 

 CE-DBT    

  Median -29.41 -17.56    

  IQR 81.25 19.78 0.198 0.387 0.191 

 MRI    

  Median -31.25 -12.67    

  IQR 10.34 36.85 0.045 0.497 0.084 
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6.4 Results of Patient Preference Questionnaires 

Of the 18 patients who had initial imaging, 17 and 14 patients completed 

questionnaires for CE-DBT and MRI respectively, with 13 patients completing both. 

At end-of-treatment, 15 completed questionnaires following CE-DBT and 10 

completed questionnaires following MRI, with 9 completing both. Thus, there were a 

total of 22 participant episodes completed by 16 patients, where all questionnaires 

were completed. These matched questionnaires were used for further comparative 

statistical analysis. The content of free-text responses was reviewed for all 

completed questionnaires (CE-DBT n = 32, MRI n = 24). Free-text comments were 

grouped according to content of the responses. Details of free text responses are 

shown below: 

 

6.4.1 If you felt any anxiety about the test or during the test, please 

tell us what this was about: 

6.4.1.1 CE-DBT 

General anxiety 

- Anxious about what will be found. 

- A little anxious. Mainly because it's the first time I have been to the breast 

screening clinic. 

- Just a bit nervous coming for test. Staff were friendly so that helped me 

tremendously. 

Breast pain, discomfort or compression 

- Due to the left breast being sore was very uncomfortable. Nurses, 

radiographer understanding and put me to ease 

- None apart from being slightly painful on right side breast 

- scared about the lump getting compressed 

Cannulation / contrast 

- After injecting the dye I felt an uncomfortable hot flush throughout my body 

which I wasn't expecting 

- The only anxiety I've had was having an injection (due to bad experience 

when I was a child) 

- Anxious about cannulation as veins have been a problem 
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- A little anxious when needle was inserted 

6.4.1.2 MRI  

General anxiety 

- Before test worried about unknown, not knowing what it would be like. 

- Just a little at the beginning until I calmed my breathing down 

- Just a bit nervous 

- I felt apprehensive beforehand 

- Never done anything like this before- fear of the unknown 

Enclosed 

- Being enclosed 

- Because my face was in an enclosed space I tried not to panic as felt too hot 

Noise 

- I got a surprise when there was a loud siren type sound at the start. I knew 

there would be 'banging' but didn’t expect the siren and wondered if 

something was wrong. It was mild and short lived 

 

Controlling breathing / keeping still 

- Worried about staying still for so long. 

- Difficulty in controlling breathing 

Non-breast pain 

- anxiety with my left leg, apart from that it was fine 

 

6.4.2 If you noticed any strange feelings anywhere in your body 

when the dye was going in, please describe what you felt: 

6.4.2.1 CE-DBT 

Heat / flushing  

- Heat 

- Feeling hot from head to toe as it passed through body 

- Just a slightly warm sensation. 

- The dye was injected in my left arm, I felt hot sensation in right arm followed 

by chest stomach and face 

- Hot sensation throughout my body felt the dye going through 
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- Warm flushing sensation from my groin area up through my body to chest 

area 

- warm sensation all over 

- hot feeling for a minute 

- hot feeling throughout body 

- warm flushing 

- Hands burning 

- Warm feeling in palms of hands and groin 

- Not feeling face and lower body 

- Very hot flush briefly, skin at chest/throat area felt hot, warm feeling at bladder 

& feeling like I was passing urine! 

- Hot flush, hot sensation down below, hot metallic sensation coming up my 

chest & throat 

- Body felt hot and tingly most noticeable at back of throat and feeling like going 

to wet self 

- Hot flush. Like acid travelling up my throat & a sensation like I wee myself. 

- Fingers, arms body 

Numbness 

- Numbness in fingers when injection needle went in. I then felt strange taste in 

mouth, then flushing, then a little like I'd pee'd myself. I also felt a little 

nauseous for a few seconds but it past 

Need to urinate 

- yes, felt like I was passing water 

- It the start felt needed go toilet pass water 

- Felt as if I needed to pee 

- Feeling I needed to go bathroom pass water 

- needing to urinate, hottness all over, dizziness 

Strange taste 

- Taste in mouth 

- tingling, odd taste. Slightly flushed 

- Metallic taste, heat to body, need for toilet sensation 

- Metallic taste in my mouth. Below waist (hot feeling) 
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- A metallic taste in mouth followed by a warm flush from head down chest and 

arms 

- flush of hot throughout felt like I had peed my pants :-) 

- I had a funny taste in my mouth, there was a feeling like I was peeing myself 

and my hands and feet felt hot 

6.4.2.2 MRI 

Heat / flushing 

- Felt a flush feeling. It felt similar to the dye you get from a CT scan. 

- Hot flush. 

Cold Sensation 

- slightly cold feeling 

- Coldness to arm. Feeling of need to urinate. 

- I felt a cold sensation where the line went around my thumb where I was 

holding it 

- Cold feeling in arm where dye went in, warm feeling in groin. 

- Cold sensation in hand 

Need to urinate 

- I felt a funny taste in my mouth and the feeling like you were peeing 

- Felt like I needed a wee 

Strange taste 

- Metallic taste 

6.4.2 If you felt any pain or discomfort in any other parts of the 

body during the test, please tell us about it: 

6.4.3.1 CE-DBT 

Leg (Sciatic) 

- yes as I have siatic nerve pain in my left leg apart from that mammogram was 

ok! 

6.4.3.2 MRI 

Leg (Sciatic) 

- Due to mild degenerate arthritis in my leg bulging 5-6-7 doctor thinks sciatic 

nerve is causing pain in my leg 
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Shoulders /upper limbs 

- Arms & hands but recently had 2 biopsies 1 underarm, and 1 in breast and 

feel the discomfort was due to this. 

- strain on shoulders 

- None - shoulders ached- but due to positioning not the scan. 

- Shoulders slightly 

- My shoulder felt stiff and I felt a pressure pain on my forehead where it was 

resting on the head rest 

Face / forehead 

- pressure on face, paper perhaps 

- Slightly uncomfortable position of arms above head, generally tense muscles 

- My forehead was really sore from pressing on the head rest. I had a pressure 

mark briefly on my forehead after the test. My shoulders were really sore from 

not moving especially my right shoulder 

 

6.4.3 Please tell us anything else you think people should know 

about what it’s like having the test: 

6.4.3.2 CE-DBT 

Wish to reassure other women / share positive experience 

- Very little to worry about. Most uncomfortable thing was the cannula in arm. 

- Its nothing to worry about. It is relatively quick and not too different from a 

standard mammogram 

- Interesting 

- Absolutely fine. No problem. 

- Overall it it positive as its much quicker than having MRI and much more 

pleasant experience 

- There is nothing to worry about. 

- none I was put very much at ease 

- Nothing to it, no worse than a normal mammogram other than having the 

canula put in. 

- Its no problem 

- Fairly easy procedure 
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- It is totally fine. Nothing to be worried about. 

- Staff so kind and friendly felt little discomfort. 

- Nothing to worry about. 

- its very easy and painless and hopefully useful 

Sensations associated with contrast 

- Be prepare to feel if you are having a wee 

- The experience of passing water 

- Nothing  - it is just like having a mammogram except for the dye when it feels 

funny when it first goes in 

- Staff put you at ease. Taste in mouth as dye goes in 

- Apart from the flushing as the dye was injected it wasn't very different from a 

normal mammogram 

Breast pain / discomfort 

- It will hurt the breast with the lump. Other breast will just be uncomfortable. 

6.4.4.2 MRI 

Noise  

- Very comfortable & relaxing I think it would be good to know more about the 

noises before it starts 

- Be prepared for the noises 

- Too noisy to hear music! Fear of swallowing or breathing even! Point in gaps 

in scanning 

- Noisy 

- There is a lot of beeping and banging noises which are normal and nothing to 

worry about 

- The machine seemed much less noisy this time from 1st time (as if it had 

been oiled!) 

Headache / off-balance 

- After the test I felt slight headache and a bit off balance 

Wish to reassure other women / share positive experience 

- It will be fine 

- information given was accurate 

- Try to stay calm 

- It gets easier after the first one 
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Leaflet / more info 

- leaflet other people’s (positive) experiences 

Non-breast pain 

- I found the test ok my pain in my leg was letting me down so apart from that it 

was fine 

 

6.4.4 Please tell us the reason for your answer above: [preference 

of technique] 

6.4.4.1 CE-DBT 

Quicker technique 

- Quicker 

- No comparison. Time factor 1.5 hours as opposed to 10 mins. 

- It is much more comfortable and quicker experience. Even though it is slightly 

painful having the mammogram that out weighs the anxiety of being in MRI 

scanner for so long 

- Shorter and less intense. 

- Shorter / over sooner, less worrying 

- Not as long 

- Time factor and comfort. 

- Less time/ to be in a position of length of time can be difficult if having a MRI. 

- Quicker 

- CE-DBT is quicker, more comfortable and it is easy for the staff to put you at 

ease as you can speak throughout. The CE-DBT experience was 

considerably better 

- The CE-DBT is a more pleasant experience. It is over quicker and you don't 

get discomfort - the MRI is uncomfortable and long. Also you can see the 

people who are doing the CE-DBT and speak to them which puts you at ease 

- I experienced more anxiety during MRI, which was a longer procedure and 

afterwards I had a sore head. 

More comfortable 

- More comfortable and wouldn’t be so claustrophobic. 

- Its was easier and I felt more comfortable with it 
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- Don't need to lie still for exam 

- Uncomfortable - some anxiety unlike the mammogram. 30 minutes seems like 

a long time. 

Less intimidating / more in control 

- The CE-DBT was less intimidating 

- Mammogram feels like I am more in control. MRI was fine though. 

Feeling unwell after MRI 

- Feelings on the day only? I fainted today which made me feel uneasy. 

- I felt unwell after the MRI - headache, disorientated. The MRI took longer, was 

more uncomfortable 

6.4.4.2 MRI 

More comfortable 

- Mammogram too uncomfortable. 

- I would chose the MRI because it was less painful - although slightly 

claustrophobic 

- Easier 

- Less handling 

More confidence in technique 

- Unsure with this answer, I've gone for scan, maybe more detailed. 

- Only because its the usual results that would be sent but really wouldn't mind 

either if results were the same. 

- Because it is known, but if info/results were the same, either would be 

acceptable. 

 

The categorised responses are shown in table 20, where comments include more 

than one theme they were counted for each theme separately. For example, the 

following comment pertaining to strange sensation associated with contrast; ‘Metallic 

taste, heat to body, need for toilet sensation’ was categorised as strange taste, 

heat/flushing and need to urinate. 
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Question Free-text response (grouped) True for 
CE-DBT (n = 
32) 

True for 
MRI (n = 
24) 

If you felt any anxiety about the test or during the test, please tell us what this was 
about: 

 General anxiety 3 (9%) 5 (21%) 

 Breast pain / discomfort / 
compression 

3 (9%) 0 

 Cannulation / contrast 4 (13%) 0 

 Being enclosed 0 3 (13%) 

 Noise 0 1 (4%) 

 Controlling breathing / Keeping still 0 2 (8%) 

 Non-breast pain 0 1 (4%) 

If you noticed any strange feelings anywhere in your body when the dye was going 
in, please describe what you felt: 

 Heat / flushing 23 (71%) 2 (8%) 

 Cold sensation 0 6 (25%) 

 Numbness 2  (6%) 0 

 Need to urinate 12 (0.38) 3 (0.13) 

 Strange taste 7  (0.22) 2 (0.08) 

If you felt any pain or discomfort in any other parts of the body during the test, 
please tell us about it: 

 Leg (sciatic) 1 (3%) 1 (4%) 

 Shoulders / upper limbs 0 7 (29%) 

 Face / forehead 0 3 (13%) 

Please tell us anything else you think people should know about what it’s like 
having the test: 

 Noise 0 5 (20%) 

 Headache / off balance 0 2 (8%) 

 Wish to reassure other women / 
share positive experience 

14 (44%) 5 (21%) 

 Leaflet / more information 0 2 (8%) 

 Non-breast pain 0 1 (4%) 

 Sensation associated with contrast 5  (6%) 0 

 Breast pain / discomfort 1  (3%) 0 

Please tell us the reason for your answer above: [preference of technique] 

 Quicker technique 13 (41%) 0 

 More comfortable  11 (34%) 4 (17%) 

 More confidence in technique 1  (3%) 3 (13%) 

 Less intimidating / more in control 3  (9%) 0 

 Feeling unwell after MRI 2  (6%) 0 
Table 20: Summarised free-text responses from all completed questionnaire 

 

 

Outcome data for questions answered with four-point categorical response format is 

shown in table 21 and figure 19; statistically significant results are given in bold. 
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 Rating CE-DBT MRI p 

Overall how much anxiety did you feel during the test? 

 None 14 9  

 Mild 6 10  

 Moderate 2 2  

 Severe 0 1 0.052 

How much pain did you feel when the needle was put in? 

 None 11 10  

 Mild 11 12  

 Moderate 0 0  

 Severe 0 0 0.655 

Overall, how much pain did you feel in your breasts during the test? 

 None 12 20  

 Mild 7 1  

 Moderate 1 1  

 Severe 1 0 0.021 

Overall, how much discomfort did you feel in your body during the test, not 
including in your breasts? 

 None 16 11  

 Mild 5 8  

 Moderate 1 2  

 Severe 0 1 0.046 

How much did the staff put you at ease during the test? 

 Very Much 21 15  

 Moderately 1 5  

 A little 0 2  

 Not at all 0 0 0.023 

During the test, how confident did you feel that you could say stop if you 
needed to? 

 Very Much 22 19  

 Moderately 0 1  

 A little 0 1  

 Not at all 0 1 0.109 

How unpleasant was the feeling of the dye going in? 

 Not at all 15 18  

 A little 6 3  

 Moderately 1 1 0.257 

 Very Much 0 0  

How would you rate your overall experience? 

 Excellent 14 8  

 Good 8 7  

 Fair 0 7  

 Poor 0 0 0.008 
Table 21:Patient experience from matched questionnaire, categorical data 
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Figure 19: Patient experience from matched questionnaires, categorical data 
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Answers measured using VAS are displayed in table 22 and figure 20. 

 CE-DBT 

(meanS.D.) 
MRI (meanS.D.) p 

Anxiety 6.45  8.06 16.91  20.77 0.003 

Breast pain 11.14  18.60 3.86  9.92 0.011 
Table 22: Patient experience from matched questionnaires, questions answered using VAS 

 

Figure 20:Patient experience, questions answered using VAS. Above: anxiety, beneath: breast 
pain 

 

Significant differences in favour of CE-DBT were seen for non-breast pain (p = 

0.046), being put at ease by staff (p = 0.023) and overall experience (p = 0.008). 

Anxiety was lower for CE-DBT when measured using VAS (p = 0.003); there was no 

statistically significant difference when measured with the categorical scale. By 

contrast, breast pain was significantly higher with CE-DBT when measured with both 

VAS (p = 0.011) and the categorical scale (p = 0.021). No statistically significant 

difference was seen between CE-DBT and MRI in patients’ confidence that they 

could stop the test if needed.  

 

6.4.6 Patient preference 

Patient preference was recorded after 31 episodes, 16 following initial imaging, 15 

following final imaging, one patient selected both CE-DBT and MRI after final 
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imaging this episode was excluded from further analysis. Eleven patients recorded a 

preference at initial and final imaging. Results are displayed in table 21. 

Time-point Preference 

CE-DBT (%) MRI (%) 

Pre-treatment 13 (81%) 3 (19%) 

End-of-treatment 10 (71%) 4 (29%) 

Total 23 (77%) 7 (23%) 
Table 23: Patient preference 

 
Overall, on 77% of occasions patients preferred CE-DBT. Of the eleven patients who 

responded at both time points there was no significant change in in the proportion 

preferring CE-DBT; 10 (91%) and 8 (82%) at initial and final imaging respectively, p 

= 0.25.  

 

 

 



 107 

Chapter 7: Results (TACESM) 

7.1 Textural analysis modelling: Benign vs 

Malignant 

There were 238 patients with a total of 269 enhancing mass lesions included. Of 

these 14 were benign and 255 were malignant. As described in the methods 

(chapter 5), the imbalance of benign/malignant lesions was mitigated through over-

sampling. When considering model accuracy for identifying benign and malignant 

lesions, the following sub-analyses were performed. 

 

7.1.1 Type of ROI 

A total of 542 lesion views were included; all had TA features generated from both a 

FH_ROI and ellipsoid_ROI. Two models were developed based on the ROI-type. 

The relative accuracy of the two models is detailed in table 24 below. 

ROI type 

Accuracy 
(SD) 

F1 score 
(SD) 

AUC (SD) 
Sensitivity 
(SD) 

Specificity 
(SD) 

PPV (SD) NPV (SD) 

FH 0.914(0.013) 0.928(0.01) 0.974(0.006) 0.953(0.028) 0.891(0.013) 0.841(0.016) 0.969(0.016) 

Ellipsoid 0.947(0.009) 0.955(0.007) 0.986(0.004) 0.998(0.005) 0.916(0.014) 0.878(0.018) 0.998(0.003) 

Table 24: ROI_model accuracy 

 
Whilst the accuracy of both models was greater than 0.9 which is deemed to be very 

good,149 150 the Ellipsoid_ROI model demonstrated consistently better results across 

all accuracy measures. Two-tailed independent sample mean test was conducted 

and showed these differences to be statistically significant (p <0.05), confirming that 

the model using ellipsoid-ROI had better performance. 

 

7.1.2 Mammographic view 

A total of 270 lesions were seen on CC view and 272 on MLO, with 263 seen on 

both CC and MLO. TA data generated from both the FH_ROI and ellipsoid_ROI was 

included. Three models were developed based on the ROI-type; one using CC_ROI 

only, one using MLO_ROI only and a third using lesions which had both CC_ROI 

and MLO_ROI. The relative accuracy of the three models alongside a comparison of 



 108 

accuracy calculated using one-way analysis of variance (ANOVA) is detailed in table 

25 below. 

 Mammographic View ANOVA  

 MLO CC Both F p 

Accuracy 
(SD) 

0.947(0.015) 0.955(0.011) 0.955(0.006) 5.026 0.009 

F1 score 
(SD) 

0.959(0.012) 0.964(0.009) 0.966(0.004) 4.855 0.010 

AUC (SD) 0.985(0.009) 0.988(0.007) 0.987(0.004) 1.438 0.243 

Sensitivity 
(SD) 

0.954(0.029) 0.942(0.009) 0.954(0.011) 4.142 0.019 

Specificity 
(SD) 

0.944(0.020) 0.962(0.014) 0.956(0.007) 12.287 0.000 

PPV (SD) 0.904(0.029) 0.935(0.023) 0.915(0.012) 14.683 0.000 

NPV (SD) 0.974(0.015) 0.966(0.005) 0.977(0.005) 3.266 0.043 

Table 25: Mammographic view model accuracy measures (ANOVA) 

 

All three models demonstrate high levels of accuracy (>0.94).  Significant differences 

were demonstrated between all measures other than AUC, which was consistently 

very high (>0.98). Post-hoc analysis on all other measures was conducted using 

multiple-comparison tests with Bonferroni correction, as shown in table 26 below 

 Difference between mammographic views (p value) 

 MLO vs CC MLO vs Both CC vs Both 

Accuracy <0.00001 <.00001 0.869 

F1 score  <0.00001 <.00001 <.00001 
Sensitivity 0.048 0.959 0.036 
Specificity 0.020 0.024 0.457 

PPV  0.001 0.036 0.025 

NPV  0.035 0.089 0.029 

Table 26:Post-hoc direct comparison of mammographic view model accuracy measures 

 
Overall, the model using both CC_ROI and MLO_ROI produced the most 

consistently good results across all measures. The CC_ROI model demonstrated a 

greater ability to detect benign lesions (higher specificity and NPV) whilst the MLO-

ROI demonstrated a greater ability to detect malignant lesions (higher sensitivity and 

PPV) although overall accuracy and F1 score were lower. Although significant 

differences were seen, all models produced very strong results.  

 

7.1.3 Vendor 

The models designed to compare data acquired from Hologic and GE equipment, as 

described in the method section, were run. However due to small samples sizes for 

the Hologic dataset, when we divided the data into training and test set, there was no 

Hologic sample in the test set. Sampling was repeated 30 times and on the majority 



 109 

of occasions there were no samples in the test set; sometimes one or two samples 

were present. This led to inconclusive results which cannot be reported.  

7.2 Textural analysis modelling: Tumour Grade 

152 lesions (19 Grade 1, 71 grade 2 and 62 grade 3) were included. All lesions 

views (CC/MLO) and ROI types (FH/Ellipsoid) were included to increase the size of 

the dataset, as shown in table 27. Due to the very small set of grade 1 lesions these 

were combined with grade 2 lesions to form a low grade (LG) dataset while grade 3 

lesions were considered high grade (HG). Model results are shown in table 28. 

 Pathological Grade 

1(%) 2(%) 3(%) 

No. of lesions 19(12.5) 71(46.7) 62(40.8) 

No. of lesion views  72(12.3) 274(46.8) 240(41.0) 

Table 27: Number of lesions and lesion views according to pathological grade 

 
 
 
Tumour 
grade 

Accuracy(SD) F1 score 
(SD) 

AUC (SD) Sensitivity 
(SD) 

Specificity(SD) PPV(SD) NPV(SD) 

LG vs 
HG 

0.630(0.026) 0.556(0.033) 0.653(0.013) 0.738(0.043) 0.504(0.040) 0.635(0.020) 0.624(0.038) 

Table 28: Pathological grade model accuracy 

 
The models produced limited accuracy, which may be partly due to small numbers of 

grade 1 tumours. 

7.3 Textural analysis modelling: Hormone receptor 

status  

Hormone receptor status was recorded for malignant lesions as displayed in table 29 

below. All available lesions views (CC/MLO) and ROI types (FH/Ellipsoid) were 

included to increase the size of the data set. 

 ER PR HER2 

 +ve(%) -ve(%) +ve(%) -ve(%) +ve(%) -ve(%) 

No. of lesions 193(77.5) 56(22.5) 164(66.1) 84(33.9) 50(20.3) 196(79.7) 

No. of lesion views 754(77.7) 217(22.3) 641(66.4) 325(33.6) 191(19.9) 769(80.1) 
Table 29: Number of lesions and lesion views according to receptor type 
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Relative model accuracy for each hormone receptor is shown in table 30 

Receptor 
status 

Accuracy (SD) F1 score (SD) AUC (SD) 
Sensitivity 
(SD) 

Specificity 
(SD) 

PPV (SD) NPV (SD) 

ER 0.767(0.019) 0.820(0.017) 0.819(0.014) 0.674(0.045) 0.816(0.033) 0.662(0.034) 0.826(0.017) 

PR 0.667(0.033) 0.763(0.031) 0.640(0.020) 0.453(0.064) 0.75(0.058) 0.419(0.047) 0.779(0.015) 

HER 0.791(0.018) 0.697(0.025) 0.836(0.014) 0.833(0.029) 0.711(0.04) 0.85(0.0160) 0.686(0.035) 

Table 30: Hormone receptor model accuracy 

 
Moderate accuracy is demonstrated in the model differentiating ER status; accuracy 

is incrementally lower for HER2 and PR status. 

 

7.4 Textural analysis modelling: Response to 

neoadjuvant chemotherapy (NACT) 

A total of 99 lesions were treated with NACT, of which 28 had a complete 

pathological response (pCR). All lesion views (CC/MLO) and ROI types 

(FH/Ellipsoid) were included to increase the size of the data set, resulting in 103 

lesion views for pCR and 274 for non-pCR (table 31). Model accuracy is shown 

below in table 32. 

 pCR(%) Non-pCR(%) 

No. of Lesions 28(29.2) 68(70.8) 

No. of Lesions 
views 

103(27.3) 274(72.7) 

Table 31: Number of lesions and lesion views according to pCR status 

 
Accuracy 
(SD) 

F1 score 
(SD) 

AUC (SD) 
Sensitivity 
(SD) 

Specificity (SD) PPV (SD) NPV (SD) 

0.704(0.041) 0.559(0.051) 0.744(0.027) 0.732(0.05) 0.638(0.059) 0.83(0.026) 0.5(0.057) 

Table 32: Model accuracy for predicting pCR 

 
Whilst model accuracy is 0.704, F1 score is lower at 0.559 suggesting poor 

reliability. This may be due to the small subset of lesions which demonstrated a pCR. 

 

7.5 CESM dynamic tumour enhancement: 

association with MRI TIC 

Dynamic enhancement data for matched CESM and MRI studies was available for 

35 patient episodes. Association between CESM dynamic enhancement features 
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and MRI TIC is shown in tables 33 & 34. Significant differences were seen for all 

measures of WI, RD and SRD using the ellipsoid ROI according to MRI TIC group. 

With respect to the freehand ROI, significant differences were seen for the 90th 

percentile measures of WI, RD and SRD only. No difference with any measure of 

RLE was seen. 

Using a cut-off of 10% change in SRD, as previously described, the association of 

CESM ‘washout curve’ and MRI TIC was assessed (see table 35). The strongest 

relationship, approaching moderate agreement, was seen with the ‘curve’ generated 

from the 90th percentile measures of the ellipsoid ROI (kappa: 0.483). Poor 

agreement as seen with all other measures (kappa: 0.158 – 0.393). Poor agreement 

was also seen between qualitatively-assessed CESM washout and MRI curve 

(kappa: 0.302).
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 RLE_Perc9
9 

RLE_Perc9
0 

RLE_Mean WI_Perc99 WI_Perc90 WI_Mean RD_Perc99 RD_Perc90 RD_Mean SRD_Perc99 SRD_Perc90 SRD_Mean 

 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 

Mean 1.81 2.14 1.34 1.51 0.74 0.76 -0.32 0.37 -0.28 0.28 -0.06 0.20 0.35 -0.37 0.28 -0.28 0.06 -0.20 33.52 -
78.26 

44.96 -
25.33 

94.40 -
36.80 

Median 2.08 1.85 1.40 1.24 0.53 0.65 -0.43 0.48 -0.38 0.38 -0.17 0.21 0.42 -0.48 0.38 -0.38 0.17 -021 15.48 -
21.43 

31.23 -
22.86 

57.25 -
12.96 

Min 0 0 0 0 0 -1 -2 -1 -1 -1 -1 -1 -2 -1 -1 -1 -1 -1 -89 -1100 -83 -143 -87 -603 

Max 3 5 3 5 2 3 2 1 1 1 1 1 2 1 1 1 1 0 167 26 300 100 437 239 

IQR 2 2 1 1 1 1 1 1 1 1 0 1 1 1 1 1 0 1 98 47 69 50 146 77 

p 0.749 0.906 0.814 0.003 0.001 0.037 0.003 0.001 0.037 0.002 0.003 0.01 

Table 33: Correlation with MRI curve and enhancement characteristics generated from an ellipsoid ROI 

 

 RLE_Perc9
9 

RLE_Perc9
0 

RLE_Mean WI_Perc99 WI_Perc90 WI_Mean RD_Perc99 RD_Perc90 RD_Mean SRD_Perc99 SRD_Perc90 SRD_Mean 

 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 1-2 3 

Mean 2.06 2.20 1.34 1.49 0.57 0.77 -0.29 0.19 -0.19 0.16 -0.03 0.16 0.28 -0.19 0.18 -0.16 0.03 -0.16 25.93 -
16.66 

24.88 -
18.86 

-
12.24 

-
31.99 

Median 2.01 1.90 1.43 1.24 0.56 0.67 -0.24 0.28 -0.24 0.33 -0.10 0.23 0.23 -0.28 0.24 -0.33 0.10 -0.23 3.66 -
17.31 

18.42 -
20.77 

20.93 -
15.08 

Min 0 1 0 1 0 0 -2 -1 -1 -1 0 -1 -1 -1 -1 -1 -1 -1 -82 -56 -79 -100 -657 -288 

Max 3 5 2 4 1 2 1 1 1 1 1 1 2 1 1 1 0 1 267 25 200 27 288 231 

IQR 1 1 1 1 1 1 1 1 0 1 0 1 1 1 0 1 0 1 74 46 49 53 57 93 

p 0.662 0.449 0.637 0.069 0.017 0.074 0.072 0.015 0.074 0.096 0.015 0.106 

Table 34: Correlation with MRI curve and enhancement characteristics generated from a freehand ROI 
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CESM curve MRI Curve kappa 

1 2 3 

Ellipsoid ROI Per99  
 
0.393 
(0.114-0.673) 

 1 7 0 3 

 2 2 1 4 

 3 4 0 14 

Ellipsoid ROI Per90  
 
0.483 
(0.230-0.736) 

 1 10 1 2 

 2 0 1 1 

 3 4 5 12 

Ellipsoid ROI Mean  
 
0.315 
(0.063-0.567) 

 1 9 1 9 

 2 3 0 1 

 3 1 0 11 

Freehand ROI Per99  
 
0.158 
(-0.114-0.430) 

 1 4 1 3 

 2 4 0 6 

 3 5 0 11 

Freehand ROI Per90  
 
0.277 
(0.002-0.553) 

 1 7 1 6 

 2 3 0 3 

 3 3 0 12 

Freehand ROI Mean  
 
0.230 
(-0.045-0.505) 

 1 7 1 7 

 2 3 0 3 

 3 3 0 11 

Qualitative CESM curve  
 
0.302 
(0.068-0.537) 

 1 3 0 2 

 2 6 1 2 

 3 4 0 17 
Table 35: Correlation between washout curves generated from CESM and MRI images 
 

7.6 CESM dynamic tumour enhancement: 

Association between qualitative and quantitative 

CESM enhancement  

Matched data for qualitative and quantitative CESM enhancement characteristics 

was available for 38 patient episodes. Association between quantitative 

enhancement characteristics and qualitative curve type are shown in tables 36 & 37. 

No significant difference in RLE was seen between the qualitative curve types 

generated by either ellipsoid or freehand ROI. Significant differences were observed 

for all other quantitative measures. On subsequent pairwise comparison, there were 
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consistently significant differences between the quantitative values in curve types II 

and III. However, there was no significant difference between curve types I and II for 

any measure and a significant difference between curve type I and III was only seen 

in half of the measures.  

CESM 
enhancement 
characteristic 

Qualitative CESM curve type p Pairwise comparison (p value) 

Type I Type II Type III I – II  I – III  II – III  

RLE_Per99     
 
0.625 

 
 
N/A 

 
 
N/A 

 
 
N/A 

 Median 1.71 2.08 1.99 

 IQR 1.01 1.77 1.55 

RLE_Per90     
 
0.831 

 
 
N/A 

 
 
N/A 

 
 
N/A 

 Median 1.22 1.76 1.33 

 IQR 0.71 1.21 1.24 

RLE_Mean     
 
0.970 

 
 
N/A 

 
 
N/A 

 
 
N/A 

 Median 0.65 0.66 0.65 

 IQR 1.05 1.18 1.23 

WI_Per99     
 
0.000 

 
 
1.000 

 
 
0.064 

 
 
0.000 

 Median -0.17 -0.61 0.57 

 IQR 0.59 0.71 0.43 

WI_Per90     
 
0.000 

 
 
1.000 

 
 
0.018 

 
 
0.001 

 Median -0.19 -0.52 0.38 

 IQR 0.42 0.71 0.52 

WI_Mean     
 
0.000 

 
 
1.000 

 
 
0.025 

 
 
0.002 

 Median -0.20 -0.32 0.34 

 IQR 0.43 0.50 0.52 

RD_Per99     
 
0.001 

 
 
1.000 

 
 
0.061 

 
 
0.000 

 Median 0.16 0.60 -0.55 

 IQR 0.59 0.67 0.43 

RD_Per90     
 
0.000 

 
 
1.000 

 
 
0.018 

 
 
0.001 

 Median 0.19 0.52 0.38 

 IQR 0.41 0.71 0.51 

RD_Mean     
 
0.001 

 
 
1.000 

 
 
0.027 

 
 
0.002 

 Median 0.20 0.32 -0.33 

 IQR 0.43 0.49 0.52 

SRD_Per99     
 
0.001 

 
 
1.000 

 
 
0.105 

 
 
0.002 

 Median -0.85 24.14 -33.33 

 IQR 57.86 86.14 44.57 

SRD_Per90     
 
0.003 

 
 
1.000 

 
 
0.051 

 
 
0.009 

 Median 14.97 36.36 -33.33 

 IQR 59.67 70.71 49.17 

SRD_Mean     
 
0.003 

 
 
1.000 

 
 
0.030 

 
 
0.015 

 Median 64.19 42.26 -14.02 

 IQR 194.71 170.58 86.62 

Table 36: Association between quantitative CESM enhancement characteristics derived from 
an ellipsoid ROI and qualitative CESM enhancement curve 
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CESM 
enhancement 
characteristic 

Qualitative CESM curve type p Association (p value) 

Type I Type II Type III I – II  I – III  II – III  

RLE_Per99     
 
0.356 

 
 
N/A 

 
 
N/A 

 
 
N/A 

 Median 1.61 2.01 2.22 

 IQR 1.01 1.18 1.30 

RLE_Per90     
 
0.628 

 
 
N/A 

 
 
N/A 

 
 
N/A 

 Median 1.14 1.52 1.33 

 IQR 0.70 0.58 0.80 

RLE_Mean     
 
0.612 

 
 
N/A 

 
 
N/A 

 
 
N/A 

 Median 0.66 0.53 0.68 

 IQR 1.18 0.75 0.75 

WI_Per99     
 
0.002 

 
 
1.000 

 
 
0.083 

 
 
0.005 

 Median -0.33 -0.88 0.38 

 IQR 0.43 1.34 0.81 

WI_Per90     
 
0.000 

 
 
1.000 

 
 
0.013 

 
 
0.003 

 Median -0.26 -0.38 0.33 

 IQR 0.25 0.57 0.38 

WI_Mean     
 
0.003 

 
 
1.000 

 
 
0.022 

 
 
0.019 

 Median -0.16 -0.17 0.32 

 IQR 0.39 0.53 1.18 

RD_Per99     
 
0.002 

 
 
1.000 

 
 
0.070 

 
 
0.005 

 Median 0.33 0.84 -0.37 

 IQR 0.42 1.31 0.79 

RD_Per90     
 
0.001 

 
 
1.000 

 
 
0.013 

 
 
0.003 

 Median 0.26 0.37 -0.33 

 IQR 0.25 0.56 0.38 

RD_Mean     
 
0.003 

 
 
1.000 

 
 
0.022 

 
 
0.019 

 Median 0.16 0.17 -0.31 

 IQR 0.39 0.53 0.64 

SRD_Per99     
 
0.006 

 
 
1.000 

 
 
0.080 

 
 
0.019 

 Median 4.29 14.18 -21.43 

 IQR 84.46 72.04 41.46 

SRD_Per90     
 
0.000 

 
 
1.000 

 
 
0.017 

 
 
0.001 

 Median 18.70 24.01 -24.00 

 IQR 65.00 48.37 50.40 

SRD_Mean     
 
0.013 

 
 
0.753 

 
 
0.732 

 
 
0.011 

 Median 5.42 35.21 -33.43 

 IQR 254.32 53.76 90.88 

Table 37: Association between quantitative CESM enhancement characteristics derived from a 
freehand ROI and qualitative CESM enhancement curve 

 
The agreement between qualitative CESM curves and those generated for SRD 

values are shown in table 38. Poor correlation is seen for all values, with the best 

agreement seen for FH Per90 (kappa: 0.429).  
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 CESM qualitative kappa 

1 2 3  

Ellipsoid (ROI) Per99  
 
0.300  
(0.062-0.538) 

 1 2 6 2 

2 1 2 4 

3 3 1 17 

Ellipsoid ROI Per90  
 
0.347  
(0.147-0.547) 

 1 3 6 5 

2 3 2 3 

3 0 1 15 

Ellipsoid ROI Mean  
 
0.320  
(0.136-0.505) 

 1 5 8 7 

2 1 0 3 

3 0 1 13 

Freehand (ROI) Per99  
 
0.283 
(0.065-0.502) 

 1 2 5 2 

2 3 1 6 

3 1 2 15 

Freehand ROI Per90  
 
0.429 
(0.226-0.631) 

 1 4 6 4 

2 2 2 3 

3 0 1 16 

Freehand ROI Mean  
 
0.276 
(0.07-0.484) 

 1 3 7 5 

2 2 1 4 

3 1 1 14 
Table 38: Correlation between qualitative and quantitative CESM washout curve 

 

7.7 Association between dynamic contrast and 

tumour grade 

Eighteen lesions were identified which were treated with primary surgery. Of these 

lesions two were grade 1, nine were grade 2 and eight were grade 3. Ellipsoid_ROI 

data was missing for one grade 3 lesion. Therefore, eighteen lesions were included 

in FH_ROI analysis and seventeen in ellipsoid_ROI analysis. Results are displayed 

in tables 39 & 40; no significant variation between different grade is identified for any 

of the quantitative measures. 
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CESM 
enhancement 
characteristic 

Tumour grade p 

1 2 3 

RLE_Per99  
 
0.405 

 Median 3.96 2.46 2.29 

 IQR - 1.98 1.05 

RLE_Per90  
 
0.248 

 Median 3.81 2.18 1.95 

 IQR - 1.56 1.73 

RLE_Mean  
 
0.149 

 Median 3.14 1.61 1.41 

 IQR - 1.09 1.63 

WI_Per99  
 
0.614 

 Median 0.64 0.38 0.59 

 IQR - 1.42 0.65 

WI_Per90  
 
0.641 

 Median 0.74 0.24 0.33 

 IQR - 0.90 0.45 

WI_Mean  
 
0.430 

 Median 0.58 -0.1 0.33 

 IQR - 0.88 0.46 

RD_Per99  
 
0.736 

 Median -0.61 -0.36 -0.58 

 IQR - 1.39 0.63 

RD_Per90  
 
0.720 

 Median -0.71 -0.23 -0.32 

 IQR - 0.89 0.44 

RD_Mean  
 
0.430 

 Median -0.56 0.12 -0.32 

 IQR - 0.86 0.45 

SRD_Per99  
 
0.252 

 Median -17.36 -19.13 -30.87 

 IQR - 49.36 27.43 

SRD_Per90  
 
0.739 

 Median -15.82 -19.57 -33.35 

 IQR - 60.19 36.56 

SRD_Mean  
 
0.487 

 Median -8.21 -15.76 -17.96 

 IQR - 33.16 52.38 
Table 39: Association between quantitative CESM enhancement characteristics derived from 
an ellipsoid ROI and invasive tumour grade 
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CESM 
enhancement 
characteristic 

Tumour grade p 

1 2 3 

RLE_Per99  
 
0.373 

 Median 3.86 2.27 2.27 

 IQR - 1.54 1.51 

RLE_Per90  
 
0.165 

 Median 3.57 1.97 1.55 

 IQR - 1.27 1.41 

RLE_Mean  
 
0.123 

 Median 2.61 1.28 0.94 

 IQR - 0.92 1.29 

WI_Per99  
 
0.957 

 Median 0.64 0.40 0.28 

 IQR - 1.07 0.46 

WI_Per90  
 
0.839 

 Median 0.67 0.29 0.24 

 IQR - 0.88 0.44 

WI_Mean  
 
0.584 

 Median 0.47 0.04 0.12 

 IQR - 0.64 0.34 

RD_Per99  
 
0.957 

 Median -0.61 -0.39 -0.28 

 IQR - 1.05 0.45 

RD_Per90  
 
0.839 

 Median -0.64 -0.28 -0.23 

 IQR - 0.86 0.43 

RD_Mean  
 
0.653 

 Median -0.45 -0.35 -0.11 

 IQR - 0.63 0.34 

SRD_Per99  
 
0.674 

 Median -17.73 -18.14 -23.11 

 IQR - 40.88 31.89 

SRD_Per90  
 
0.738 

 Median -15.28 -17.98 -18.64 

 IQR - 41.40 28.08 

SRD_Mean  
 
0.774 

 Median -5.66 -14.17 -14.02 

 IQR - 45.55 44.14 
Table 40: Association between quantitative CESM enhancement characteristics derived from a 
freehand ROI and invasive tumour grade 
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7.8 Association between CESM dynamic contrast 

features and pCR  

Quantitative dynamic enhancement data were available for 24 lesions at pre-

treatment and 12 lesions at mid-treatment. Data for 11 lesions was present at both 

time-points. Results from pre-treatment imaging are shown in tables 41 & 42, with 

results from mid-treatment in tables 43 & 44. 

At pre-treatment FH_WI_Perc99 showed significant difference between lesions that 

completely responded and those which did not. Lesions in the pCR group had a 

significantly higher WI_Perc99 (Mean 0.46 vs -0.14, median 0.38 vs 0.00, p = 0.049). 

No significant differences were observed between the pCR and non-pCR groups at 

mid-treatment
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 RLE_Perc9
9 

RLE_Perc9
0 

RLE_Mean WI_Perc99 WI_Perc90 WI_Mean RD_Perc99 RD_Perc90 RD_Mean SRD_Perc99 SRD_Perc90 SRD_Mean 

 pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

Mean 2.41 2.20 1.92 1.58 1.21 0.79 0.54 0.06 0.43 0.16 0.29 0.19 -0.53 -0.06 -0.42 -0.16 -0.29 -0.19 -
31.53 

1.07 -39.27 -6.03 -
39.97 

1.71 

Media
n 

2.56 2.03 2.24 1.42 1.31 0.63 0.57 0.33 0.33 0.19 0.27 0.08 -0.56 -0.32 -
0.333 

-0.19 -0.27 -0.08 -
25.00 

-7.81 -22.86 -2.44 -
12.96 

10.65 

Min 1 1 0 0 0 0 0 -1 0 -1 0 -1 -1 -1 -1 -1 -1 -1 -105 -53 -143 -81 -603 -290 

Max 4 5 3 5 3 3 1 1 1 1 1 1 0 1 0 1 0 0 -3 93 18 78 239 237 

IQR 2 1 2 1 2 1 0 1 0 1 1 1 0 1 0 1 1 1 23 81 26 65 42 134 

p 0.297 0.235 0.235 0.125 0.235 0.664 0.140 0.235 0.664 0.235 0.235 0.434 

Table 41: Association between pre-treatment quantitative ellipsoid CESM enhancement characteristics and complete pathological response 

 
 

 RLE_Perc9
9 

RLE_Perc9
0 

RLE_Mean WI_Perc99 WI_Perc90 WI_Mean RD_Perc99 RD_Perc90 RD_Mean SRD_Perc99 SRD_Perc90 SRD_Mean 

 pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

Mean 2.40 2.38 1.77 1.64 1.07 0.72 0.46 -0.14 0.32 0.10 0.31 0.10 -0.44 0.14 -0.31 -0.10 -0.31 -0.10 -
21.76 

4.63 -22.52 -3.73 -
16.13 

-9.98 

Media
n 

2.69 2.08 1.77 1.38 1.15 0.65 0.38 0.00 0.29 0.05 0.26 0.08 -0.38 0.00 -0.28 -0.05 -0.26 -0.08 -
23.81 

2.56 -16.22 2.25 -
12.22 

18.37 

Min 1 1 1 1 0 0 0 -2 -1 0 0 -1 -1 -1 -1 -1 -1 -1 -56 -51 -100 -61 -226 -288 

Max 4 5 3 4 2 2 1 1 1 1 1 1 0 2 1 0 0 1 7 131 27 50 168 288 

IQR 2 1 1 0 1 1 1 1 0 1 1 1 1 1 0 1 1 1 20 52 37 41 37 109 

p 0.582 0.385 0.192 0.049 0.401 0.235 0.060 0.417 0.235 0.077 0.311 0.434 

Table 42: Association between pre-treatment quantitative freehand CESM enhancement characteristics and complete pathological response



 

 RLE_Perc9
9 

RLE_Perc90 RLE_Mean WI_Perc99 WI_Perc90 WI_Mean RD_Perc99 RD_Perc90 RD_Mean SRD_Perc99 SRD_Perc90 SRD_Mean 

 pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

Mean 1.58 1.84 1.18 1.33 0.85 0.68 0.27 -0.03 0.06 -0.07 0.17 -0.03 -0.26 0.03 -0.06 0.07 -0.17 0.03 -
175.8 

2.28 54.83 9.91 33.81 82.32 

Media
n 

1.57 1.75 1.12 1.33 0.96 0.49 0.24 -0.17 -0.07 -0.14 0.06 -0.02 -0.24 0.16 0.06 0.14 -0.07 0.02 -
29.20 

-8.62 28.90 1.92 11.29 15.64 

Min 0.05 0.24 -0.38 0.14 -0.77 0.02 -0.66 -0.61 -0.76 -0.57 -0.44 -0.36 -1.52 -0.70 -1.40 -0.56 -1.38 -0.49 -1100 -
51.43 

-
83.33 

-
52.00 

-
86.99 

-
90.78 

Max 3.45 3.31 2.76 2.01 1.99 1.78 1.56 0.71 1.43 0.57 1.40 0.50 0.66 0.59 0.75 0.60 0.43 0.36 166.0 100.0 300.0 100.0 266.9 437.3 

IQR 2.56 1.42 2.36 1.07 1.97 0.99 1.67 0.94 1.30 0.46 0.82 0.43 1.64 0.92 2.15 0.46 0.81 0.43 402.7 51.10 204.9 53.71 143.8 229.2 

p 0.749 0.749 0.522 0.631 0.873 0.749 0.631 0.873 0.749 0.631 0.575 0.873 

Table 43:Association between mid-treatment quantitative ellipsoid CESM enhancement characteristics and complete pathological response 

 
 

 RLE_Perc9
9 

RLE_Perc9
0 

RLE_Mean WI_Perc99 WI_Perc90 WI_Mean RD_Perc99 RD_Perc90 RD_Mean SRD_Perc99 SRD_Perc90 SRD_Mean 

 pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

pCR No 
pCR 

Mean 2.00 1.66 1.30 1.16 0.86 0.61 0.45 -0.22 0.10 -0.16 0.15 -0.05 -0.44 0.21 -0.10 0.16 -0.15 0.05 -
35.49 

37.76 -
17.53 

33.30 -
21.12 

-
86.85 

Media
n 

1.57 1.61 1.19 1.19 0.88 0.38 0.38 -0.33 0.00 -0.24 -0.04 -0.08 -0.37 0.33 0.00 0.24 0.04 0.08 -
44.00 

1.14 0.00 13.15 -4.72 1.99 

Min 1.18 0.14 0.71 0.09 0.40 -0.01 -0.47 -0.85 -0.48 -0.67 -0.15 -0.49 -1.25 -0.37 -0.98 -0.42 -0.70 -0.38 -
82.35 

-
36.67 

-
79.49 

-
50.00 

-
82.27 

-
657.4 

Max 3.36 2.84 1.86 2.06 1.15 1.86 1.28 0.38 1.00 0.43 0.70 0.38 0.47 0.83 0.47 0.66 0.15 0.49 12.90 266.7 20.00 200.0 28.52 231.4 

IQR 1.56 1.36 0.93 0.88 0.53 0.95 1.04 0.95 1.17 0.63 0.66 0.54 1.03 0.93 1.15 0.62 0.66 0.53 64.12 92.98 83.28 83.60 87.57 316.5 

p 0.837 0.818 0.589 0.109 0.423 0.337 0.078 0.423 0.337 0.100 0.522 0.749 

Table 44:Association between mid-treatment quantitative



 

Chapter 8: Discussion (CONDOR) 

8.1 Feasibility 

This study has demonstrated that the use of monitoring response to NACT within 

clinical care is feasible, although not without challenges. Unfortunately, the intended 

number of participants could not be recruited, with 18 out of a planned 25 (72%) 

included prior to the study closing due to the COVID-19 pandemic. Of those patients 

meeting the inclusion criteria, 58% were successfully recruited. This may have 

increased to 68% had we been able to offer pre-treatment CE-DBT within an 

appropriate time-frame to an additional three eligible patients. The logistics of 

booking the pre-treatment imaging were more complex due to the limited time frame 

between the decision to treat with NACT and start of NACT. Whilst the pre-treatment 

MRI scans were booked by the Oncologist as standard-of-care at the oncology 

appointment, the patient only became eligible for the study having agreed to proceed 

with NACT at this appointment. Therefore, they had to be subsequently contacted to 

ascertain whether they wished to participate and only then could the CE-DBT be 

arranged. Subsequent imaging at mid- and end-of-treatment was planned in 

advance in accordance with chemotherapy cycles. It was therefore easier to co-

ordinate the later CE-DBT and MRI appointments. With regard to a future, multi-

centre trial, it is likely that enrolment would be higher in centres routinely using CE-

DBT at time of diagnosis as this appears to be the greatest limiting factor. To further 

improve recruitment, it may be possible to provide patient information leaflets at the 

results appointment so that discussion and recruitment could occur at the first 

oncology appointment for those proceeding with NACT. Assistance with transport 

and co-ordination of appointments to reduce travel difficulties may also help. 

There were no adverse outcomes reported during the trial although one patient 

withdrew at mid-treatment due to pain at the cannulation site. However, there were 

several incomplete studies. Of note, one patient did not have a CESM(CE) or DBT 

study due to human error and for a further patient the delayed CESM(CE) was not 

acquired due to equipment failure. One early recruit with bilateral disease was 

unable to have bilateral delayed images on initial CESM due to the original protocol 
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stipulations – this was amended for future patients with bilateral disease. The 

remainder of the incomplete studies were unavoidable – either a result of COVID, 

chemotherapy regimens or progressive disease. 

 

8.2 Primary Outcomes 

8.2.1 Predicting response on post-chemotherapy images 

With moves to reduce and potentially cease operating on patients with a complete 

pathological response following NACT, the ability to identify such cases pre-

operatively is becoming increasingly important.  

With regard to identifying pCR, we have demonstrated that CESM(CE) has highest 

overall accuracy: 81.25%, with excellent sensitivity but considerably lower specificity 

- 100% and 57.14% respectively. The addition of DBT improved specificity to 71.43% 

but to the detriment of sensitivity and overall accuracy. Consistent with previous 

evidence, lower accuracy for detecting pCR was seen with LE mammography 113 151-

154 and the accuracy of CESM was not improved by combining with LE images. CE-

DBT, DBT and MRI demonstrated equal accuracy of 62.50%. However, MRI 

demonstrated both the highest specificity (85.71%) and lowest sensitivity (44.44%) of 

all techniques.  

Review of the published literature identified eight papers concerning CESM and the 

prediction of response to NACT111-113 151 155-158, one pre-print152 and a conference 

abstract159. There is noticeable heterogeneity between studies, including in the 

definition of pCR. In three papers151 158 159 it was defined as no residual invasive 

disease yTP0/is, as in this study. In three papers 111 112 156 it was defined as no 

residual invasive or in situ (yTP0), and one considered both definitions 155. 

Prevalence of pCR ranges from 14%-36%, which is considerably lower than in this 

study (62.5%). Timing of imaging ranged from 4 weeks prior to the final cycle of 

chemotherapy to less than 10 days prior to surgery. Our mean interval of 25 days is 

within this broad range. When reported, NACT regimes varied both within and 

between studies. One study also included patients receiving neoadjuvant endocrine 

therapy.112  

A recently published systematic review and meta-analysis160 of the accuracy of 

CESM for prediction of pCR included six of these papers111-113 151 156 157. However, 
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although the authors recognised some heterogeneity between the studies, they did 

not appreciate that the studies calculated diagnostic accuracy for differing objectives. 

Whilst the Forest plot included in the meta-analysis purports to show ‘CESM 

sensitivity and specificity to predict pCR’ only two papers actually calculated this;111 

112 two calculated the opposite – the diagnostic accuracy for detecting residual 

disease113 151 and two papers reported the accuracy for identifying ‘responders’ 

either defined as Miller-Payne grade 3-5, i.e. ≥ 30-90% reduction in tumour cells157, 

or as ‘all tumour responses’.156  

Therefore, I sought to calculate the true CESM sensitivity and specificity for 

prediction of pCR from the raw data generated in each study. It is possible to derive 

the raw results for five of the six papers in the meta-analysis and two additional 

studies. Three studies were excluded from further analysis due to lack of raw data157 

159 or patient overlap with other studies.155 Diagnostic accuracy results are displayed 

alongside the results of my study in Table 45 and the Forest Plot in figure 21. My 

results are broadly similar to previous studies, but wide variation is demonstrated.  

 

Study CES
M 

Pathology Sensitivity  
(95% CI) 

Specificity 
(95% CI) 

PPV 
(95% CI) 

NPV 
(95% CI) 

Diagnostic 
accuracy 
(95% CI) 

pCR Non-
pCR 

Barra, 2017 CR 2 1 100.00 
(15.81-100) 

83.33 
(35.88-99.58) 

66.67 
(25.05-92.29) 

100.00 87.50 
(47.35-99.68) Non-

CR 
0 5 

Barra, 2018 CR 7 6 87.50 
(47.35-99.68) 

76.00 
(54.87-90.64) 

53.85 
(35.64-71.08) 

95.00 
(74.99-99.18) 

78.79 
(61.09-91.02) Non-

CR 
1 19 

ElSaid, 2017 CR 5 0 83.33 
(35.88-99.58) 

100.00 
(78.20-100.00) 

100.00 93.75 
(71.48-98.90) 

95.24 
(76.18-99.88) Non-

CR 
1 15 

Iotti, 2017 CR 8 6 100.00 
(68.75-93.98) 

84.21 
(68.75-93.98) 

57.14 
(39.02-73.54) 

100.00 86.96 
(73.74-95.06) Non-

CR 
0 32 

Kamal, 2020 CR 20 1 95.24 
(76.18-99.88) 

98.33 
(91.06-99.96) 

95.24 
(74.07-99.29) 

98.33 
89.70-99.75) 

97.53 
(91.36-99.70) Non-

CR 
1 59 

Patel, 2018 CR 19 15 95.00  
(75.13-99.87) 

66.67  
(51.05-80.00) 

55.88  
(45.29-65.96) 

96.77  
(81.45-99.51) 

75.38 
(63.13-85.23) Non-

CR 
1 30 

Savaridas CR 9 3 100.00 
(67.37-100.00) 

57.14 
(18.41-90.10) 

75.00 
(56.05-87.59) 

100.00 81.25 
(54.35-95.95) Non-

CR 
0 4 

Steinhof-
Radwanska, 
2021 

CR 18 12 85.71 
(63.66-96.95) 

71.43 
(55.42-84.28) 

60.00 
(47.41-71.39) 

90.91 
(77.51-96.67) 

76.19 
(63.79-86.02) Non-

CR 
3 30 

Table 45: Summary of papers reporting diagnostic accuracy of CESM. CR: complete response 
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Figure 21: Forest Plot for the sensitivity and specificity of CESM for detecting breast cancer 

 
With regard to MRI, I demonstrated a sensitivity and specificity of 44% and 85% 

respectively. Accuracy of MRI for predicting pCR varies considerably in the literature; 

a meta-analysis published in 2013 reported a median sensitivity of 92% (IQR: 85-

97%) and specificity of 60% (IQR: 39-96%), AUC 0.88. Variation according to 

precise pCR definition was noted with lowest accuracy for studies that include 

residual DCIS in the definition of pCR (AUC 0.83).154 By contrast, a more recent 

meta-analysis (2017) reported a pooled sensitivity of 64% (95% CI: 56–70%) and 

specificity of 92% (95% CI: 89–94%).161 When Lobbes et al conducted a systematic 

review they declined to perform meta-analysis citing wide variations in study design. 

The reported ranges were: sensitivity 25-100% and specificity 50-97%.82  

Three published studies directly compared the diagnostic accuracy of CESM with 

MRI for predicting pCR,111 112 151.The results of these studies are shown in the table 

below, alongside my results. 

 

Study MRI Pathology Sensitivity 
(95% CI) 

Specificity 
(95% CI) 

PPV 
(95% CI) 

NPV 
(95% CI) 

Diagnostic 
accuracy 
(95% CI) 

pC
R 

Non-
pCR 

Patel, 
2018 

CR 19 14 95.00 
(75.13-
99.87) 

68.89 
(53.35-
81.83) 

57.58 
(46.48-
67.95) 

96.88 
(81.96 – 
99.53) 

76.92 
(64.81-
86.47) 

Non-
CR 

1 31 

Barra, 
2018 

CR 6 2 75.00 
(34.91-
96.81) 

92.00 
(73.97-
99.02) 

75.00 
(42.81-
92.32) 

92.00 
(77.50 – 
97.46) 

87.88 
(71.80-
96.60) 

Non-
CR 

2 23 

Iotti, 2017 CR 7 15 87.50 
(47.35-
99.68) 

60.53 
(43.39-
75.96) 

31.82 
(22.53-
42.82) 

95.83 
(78.32 – 
99.32) 

65.22 
(49.75-
78.65) 

Non-
CR 

1 23 

Savaridas CR 4 1 44.44 
(13.70-
78.80) 

85.71 
(42.13-
99.64) 

80.00 
(36.13-
96.59) 

54.55 
(38.33 – 
69.85) 

62.50 
(35.43-
84.80) 

Non-
CR 

5 6 

Table 46: Summary of comparative papers reporting diagnostic accuracy of MRI 

 
CONDOR demonstrates a comparable specificity and diagnostic accuracy but 

noticeably lower sensitivity. This may be partly related to pCR definition. In both my 
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study and that of Barra et al, pCR is defined as the absence of invasive disease. The 

relatively low sensitivity in both cases may be attributed to residual in situ disease 

identified on MRI. For example, in 3 of 5 cases of MRI false negative in my study 

there was residual in-situ disease, thus if pCR was defined as ypT0 they would have 

been classified was true positives. It is also important to note that whilst it is useful to 

identify a complete response to avoid unnecessary surgery, it is critical that residual 

disease is not left within the breast due to falsely reassuring imaging. For this 

reason, the need for a high specificity outweighs the need for high sensitivity. 

There is a dearth of published data for the use of DBT in the context of NACT with 

no studies directly comparing diagnostic accuracy for pCR in relation to, or combined 

with, CESM. My results are similar to two studies which compared DBT to 

mammography and ultrasound, reporting a sensitivity of 44.7-50% and specificity of 

91-97.6%.110 162 The accuracy of DBT was lower than CESM and I did not 

demonstrate any additive value in combining DBT with CESM; therefore my findings 

do not support use of CE- DBT for detection of pCR. 

 

In addition to being able to identify complete response pre-operatively, it is important 

to quantify the size of residual disease to guide surgical decision making – whether 

breast conserving surgery is feasible – and also to improve surgical margins and 

reduce surgical re-excision rates. Whilst presence of residual in situ disease in the 

absence of invasive disease does not affect survival or local recurrence rate,87 it is 

important for surgical decision making as it needs to be excised. Therefore, I 

considered both residual whole tumour size (WTS) – for surgical decision making, 

and invasive tumour size (ITS) – for prognostication. 

In my data set, MRI had the greatest accuracy for predicting residual WTS; 

concordance co-efficient 0.86 (CI:0.67-0.95). Promising results were seen for CESM, 

especially when the presence of micro-calcification was considered in addition to 

residual enhancement, concordance co-efficient 0.69 (CI: 0.36-0.87). By contrast, 

with respect to residual ITS, the greatest concordance is seen with CESM(CE), 0.70 

(CI: 0.39-0.88) followed by MRI, 0.66 (CI: 0.34-0.85). No benefit was demonstrated 

by incorporating DBT to produce a full CE-DBT score for predicting either WTS or 

ITS.  

My results are consistent with published data on CESM for the prediction of residual 

disease, with concordance coefficients which range from moderate to good, 0.7-



 127 

0.81.111 112 151 Of these three papers, Iotti et al considered a combined measure 

using both the recombined image and micro-calcification on the LE energy and 

specify that residual in situ disease is included in the pathological measurement.111 

By contrast Barra et al and Patel et al report only residual enhancement on the 

recombined image alone and the exact definition of residual malignancy remains 

unclear.112 151 Variation between CESM and pathology size range greatly in the 

published literature, from 85mm to 2.75mm,111 112 151 152 158 this is likely related to the 

varied definitions of pathological and CESM size as described above. I report a 

mean underestimation of WTS by 10.7mm for CESM(CE), improving to 3.4mm for 

CESM(CE+calc). With respect to ITS, CESM(CE) produces mean underestimation of 

1.3mm whereas CESM(CE+calc) results in a mean overestimation of 5.5mm.  

It is widely accepted that the presence of residual mammographic microcalcifications 

is not consistently related to residual disease. However, even in the context of loss of 

MRI enhancement it is not possible to predict absence of residual disease with 

sufficient accuracy to avoid complete excision of tumour bed calcifications.163 164 My 

results suggest that this finding is also true for persistent microcalcifications in the 

absence of CESM enhancement. This is further supported by Iotti et al who report 

that whilst the combination of CE+calc increases sensitivity in the detection and 

accurate measurement of residual disease, it also increases the false positive 

rate.155  

Concordance for MRI varied greatly across the three papers that directly compared 

CESM and MRI, from poor (0.4) to good (0.79), with the average size differential 

between pathology and MRI ranging from 18mm-5.4mm.111 112 151 - all demonstrated 

poorer results than this study. However, a systematic review of 35 MRI studies 

reported correlation coefficients ranging from 0.21-0.982 with a median value of 

0.69882 and whilst these cannot be directly compared to concordance coefficients it 

suggests our results are reflective of previous larger studies. 

Average mammogram-pathology size variation is reported by two comparative 

studies and varies dramatically, 7mm- 63mm. 151 152 This is likely in-part due to the 

fact that the imaging for Steinhof-Radwanska was performed prior to the final cycle 

of chemotherapy.152 A further study of 104 patients, which compared FFDM with US, 

reported that mammographic size was accurate within 10mm in less than a third of 

cases, and could not be measured in almost half.165  By comparison, I found an 

average difference of 2.8mm between LE mammography and pathology.  
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Two papers consider DBT for assessing residual disease after NACT. Park et al 

reported an intraclass correlation coefficient (ICC) of 0.63, with mean difference 

between DBT and pathology of 16.6mm 110. Skarping et al reported that DBT was 

accurate at predicting invasive size on pathology to within 2mm in 27% of cases162. 

Our results appear to be at least as good as those. 

In summary, I have demonstrated promising results for the use of CESM in 

predicting response to neoadjuvant chemotherapy on post-treatment imaging. My 

results suggest CESM may have greatest accuracy for predicting pCR and residual 

invasive tumour size. I recommend that the RC images are reported in parallel with 

residual microcalcifications on the LE mammograms to improve accuracy of 

predicting residual in situ disease. My findings do not support the addition of DBT to 

the CESM study. 

 

8.2 Secondary Outcomes 

8.2.1 Diagnostic accuracy for detection of multifocality of initial 

imaging 

Within my dataset, CESM demonstrated the greatest accuracy 94.6%, sensitivity 

83.3%, specificity 96.8%, PPV 100%, NPV 88.6%; compared to accuracy 89.2%, 

sensitivity 66.7%, specificity 93.6%, PPV 66.7% and NPV 93.6% of MRI for 

identifying additional sites of disease.  

It is essential to recognise that whilst high levels of specificity are desirable, to avoid 

unnecessary procedures (biopsies) and/or extensive surgery, this is out-weighed by 

the need for high levels of sensitivity. It is important to identify all sites of disease 

pre-treatment to allow marker clips to be inserted so the tumour bed can be 

subsequently localised. 

Only one malignant lesion was missed on CESM, an invasive lobular cancer which 

was occult on all imaging, possibly due to its proximity to a known IDC giving the 

radiological appearance of one lesion. By contrast an additional contralateral grade 

one cancer was missed on MRI. This could have substantial clinical significance as 

grade one cancers tend not to respond to systemic treatment and there is no 

possibility it would have been inadvertently excised or treated with radiotherapy 

alongside the contralateral index lesion. 
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There was one CESM false positive, a papilloma excision bed. In clinical practice the 

reader would have had access to this clinical information which modifies 

interpretation of images. By contrast MRI false positives generated three additional 

benign biopsies. Although LE and DBT did not identify any false positives both 

missed at least half the sites of multifocal disease. Therefore, I identified no added 

value in combining the components of CESM (CE+calc) or CE-DBT. 

Three previous studies report the accuracy of CESM and MRI for identifying 

additional lesions in patients with known breast cancer.166-168 Consistent with my 

findings MRI generated a higher number of false-positives than CESM across all 

three studies. In one study of 52 patients MRI generated 45 false positive results as 

opposed to just five for CESM.168 With respect to true positives Li et al reported that 

all lesions were accurately identified by both CESM and MRI, and Lee-Felker et al 

reported that all malignant lesions were identified on CESM with 1/11 occult on MRI. 

167 168 By contrast, in Jochelson’s dataset only 14/52 lesions were identified on 

CESM as opposed to 22/25 on MRI; one contralateral lesion was occult on all 

imaging and only identified following prophylactic mastectomy. 

There are two published meta-analyses which consider the overall diagnostic 

accuracy of CESM. Tagliafico et al included 8 studies with a pooled sensitivity of 

0.96 (0.96, 1.00) and specificity of 0.58 (0.38, 0.77).169 However they did not 

compare with MRI and acknowledge that this was a highly selected cohort with a 

high prevalence of breast cancer. Indeed, two studies only included patients with 

known cancer.68 166 in the remainder CESM was performed due to suspicion of 

malignancy.66 67 119 123 170 171   

A subsequent meta-analysis compared the respective diagnostic accuracy of CESM 

and MRI in thirteen studies. The authors reported pooled sensitivity and specificity of 

0.97 (CI:0.95-0.98) and 0.66 (0.59-0.71), compared with 0.97 (0.95-0.98) and 0.52 

(0.46-0.58) for CESM and MRI respectively172. However, I suggest that the results of 

this analysis should be treated with a degree of caution. Two included articles were 

conference abstracts173 174 and significant patient overlap is suspected between one 

abstract and a subsequent publication;167 174 this was not acknowledged in the meta-

analysis.  Two original articles could not be identified or obtained, despite contacting 

the author. Whilst they report ‘low risk of bias of patient selection’ they do not 

consider the criteria for patient selection nor the prevalence of cancer within the 

study populations. Of the accessible and verifiable articles, six included patients with 
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known cancer 68 166-168 173 174 and two included patients with clinical or radiological 

suspicious disease 67 175 176. In two instances only the abstract was in English and 

the methodology was unclear.177 178 Whilst it is presumed that these factors would 

affect both imaging modalities equally, so may not be significant for comparative 

purposes, the overall sensitivity of test will inevitably be affected if 100% of the 

participants have known disease at enrolment.  

In summary, I have demonstrated that the sensitivity for detecting multifocal disease 

using CESM is similar to MRI. MRI tends to generate a larger number of false 

positives and therefore lower specificity. Although numbers are small, this suggests 

that CESM is at least as reliable and may be preferable to MRI. No added benefit 

was seen when combining CESM with DBT. These findings are supported by the 

limited existing evidence. 

 

8.2.2 Change in size between initial and interim imaging: predicting 

response 

As breast cancer is a highly heterogeneous disease with variable response to NACT 

it is very important to accurately identify who will benefit from chemotherapy. In 

addition to stratifying patients at diagnosis, it is essential to monitor how tumours 

respond so that chemotherapy can be appropriately tailored, or if necessary stopped, 

to allow timely surgery.  

I considered the relationship between tumour response, assessed with RCB-class 

and pCR-status, and both absolute and percentage change in tumour size between 

pre-treatment and mid-treatment (after 3-cycles of chemotherapy). Previous studies 

have demonstrated that change in MRI lesion size can be a useful early indicator of 

response and survival outcomes.117 179-181 Although one previous study included 

CESM-imaging at mid-treatment,111 this is the first study to consider change in lesion 

size on CESM or CE-DBT for early response prediction.  

As anticipated, for CESM, CESM(CE+calc), CE-DBT and MRI, greater average size 

reductions were seen in the pCR and RCB 0-I groups as opposed to non-pCR and 

RCB II-III. These trends were not seen for LE mammo or DBT, most likely a result of 

multifocality that was not appreciated on unenhanced initial imaging.  

The only trend which reached statistical significance in relation to predicting RCB-

status was percentage-size change on MRI, median: -31.25 vs -12.67, p=0.045 for a 
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RCB 0-I and RCB II-III respectively. There was insufficient power for a significant 

correlation, Pearson r=0.497, p = 0.084. A similar trend which neared statistically 

significance was seen for CESM, median: -37.50 vs -17.56, p=0.08; the trend was 

less clear for CE-DBT, median: -29.41 vs -17.56, p=0.198. With respect to pCR, the 

most notable trend was seen in percentage-size change on CESM which neared 

statistical significance, median: -34.95 vs -17.56, p=0.098. 

I have demonstrated that percentage-change is a more reliable indicator than 

absolute change and results suggest that CESM and MRI are more reliable than 

unenhanced imaging modalities.  

The main limitation for this analysis is the small cohort, 14 lesions for pCR status and 

13 lesions for RCB score. One patient developed a satellite at mid-treatment yet 

went on to have a pathological complete response and in such a small cohort an 

unusual occurrence such as this is likely to skew results. The variation in 

chemotherapy regimens between patients may also confound results.  

At present chemotherapy regimens at our centre are not routinely tailored or 

modified according to response at mid-point. Currently the chemotherapy plan is 

agreed pre-treatment and in most cases, is three cycles of FEC followed by 3 cycles 

of taxane. To maximise potential benefits from early response prediction it would be 

worth exploring earlier monitoring, perhaps after two cycles of chemotherapy.  

 

8.2.3 Patient Experience 

To my knowledge, this is the first study to assess patient experience of CE-DBT; 

furthermore, it is the first study to assess patient preference for any form of contrast-

enhanced mammographic technique when used for assessing response to NACT. 

This study has demonstrated that, assuming CE-DBT and MRI provided equivalent 

diagnostic information, the majority of patients prefer CE-DBT. This did not vary 

between pre-treatment and end-of-treatment, suggesting that previous experience of 

the techniques did not influence attitude. Overall experience was also significantly 

more positive for CE-DBT, with 64% reporting it as excellent, as opposed to only 

36% reporting an excellent MRI experience. These findings are supported by 

previous studies that report a patient preference for CESM over MRI both in the 

setting of local staging and high risk screening. Similar to previous findings of the 

most common reasons for preference of CE-DBT or CESM were faster time and 
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greater comfort.69 182 Unlike the study by Hobbs et al, noise level was not cited as a 

reason for preference in our cohort, although five patients mentioned MRI-associated 

noise in free-text. 

Consistent with a previous study,69 anxiety was significantly higher in the MRI group 

when measured using a VAS (p = 0.003), and descriptively higher when measured 

using the categorical rating scale (p = 0.052). Free-text reasons for specific anxiety 

related to MRI concerned the enclosed space, lying still for a prolonged period and 

noise. Conversely, significantly more positive responses for CE-DBT were seen in 

relation to being put at ease by staff. We suggest that the close proximity of staff 

during CE-DBT, enabling them to reassure patients, reduced the anxiety patients 

experienced. 

Anxieties relating to cannulation and/or contrast administration were only recorded in 

the free text in relation to CE-DBT not MRI. However, unlike the findings of Hobbs et 

al, no significant difference was demonstrated between modalities either in pain on 

cannulation or unpleasant sensations associated with contrast injection.69 

Sensations described varied between the two techniques, iodinated CE-DBT 

contrast more commonly associated with heat or flushing, the sensation of passing 

urine and odd taste, and gadolinium more commonly associated with a cold 

sensation. 

Breast pain relating to mammographic compression is a widely reported patient 

concern, and has been shown to be associated with non-re-attendance for 

mammographic screening.183 Consistent with Hobbs et al, it is therefore perhaps not 

surprising that significantly more women experienced breast pain associated with 

CE-DBT than MRI (categorical p = 0.021, VAS p=0.011).69 However, it is reassuring 

that despite the increased compression time necessary to allow DBT acquisition in 

addition to CESM, overall patient preference and experience remains in favour of 

CE-DBT. Unlike in previous studies, patients were also asked to report on pain in the 

rest of the body experienced during both techniques. Significantly more women 

experienced non-breast pain with MRI (p = 0.046). Pain was predominantly related 

to upper limb and pressure on the face / forehead experienced during MRI. This 

finding has not been previously reported and may offset the increased breast pain 

experienced with mammographic techniques. These findings may be useful for 

clinical guidelines and planning. 
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One limitation of the study is the small sample size of 18 patients. Because of this 

small sample size, responses for pre-treatment and end-of-treatment were pooled for 

statistical analysis. The majority of patients (ten), were only included at one time-

point. However, the responses of six patients were included at both time-points. 

Whilst this could potentially bias results, our findings are consistent with previous 

slightly larger studies. 

This study compared patient experience of CE-DBT to that of a 3T MRI scanner, as 

opposed to a 1.5T MRI scanner. It is possible that the negative experience of some 

patients associated with MRI may have been compounded by the higher field 

strength and the narrower bore. However, whilst studies have demonstrated that 

patients experience symptoms such as vertigo/dizziness, headache and spinal pain 

more frequently with 3T MRI there is no evidence that these symptoms were 

common in our cohort.184 In addition to comfort, the primary reason for CE-DBT 

preference was cited as the shorter study time. This factor would remain true 

irrespective of magnetic field strength. Therefore, whilst it is possible that the 

preference of CE-DBT was magnified by the higher field strength it is unlikely that it 

would alter overall preference. 
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Chapter 9: Discussion (TACESM) 

As use of CESM becomes more widespread, the need to improve diagnostic 

accuracy increases. Evidence suggests that the diagnostic accuracy of CESM is 

non-inferior to MRI,67 68 and significantly higher than that of FFDM.66 However, as the 

use of CESM becomes more widespread it is possible that this will result in 

increased false positive rates as occurs with MRI.61 Whilst detecting cancer that will 

affect treatment and prognosis is key to all imaging techniques, the added burden of 

false positives to both the patient and health-service is not insignificant, especially if 

a benign biopsy is performed.185 186 

The primary aim of this exploratory work was to establish whether CESM textural 

analysis features could be used to build a model to differentiate benign from 

malignant lesions. I anticipate the clinical application for this through the use of a 

decision support system.187 This would provide additional quantitative information to 

the reporting radiologist, with the goal of increasing specificity and mitigating the risk 

of increased false positives. No published data pertaining to textural analysis applied 

to CESM images was available when the study protocol was prepared in 2017. 

Therefore this model was proposed based on textural analysis work conducted on 

breast MRI images, which demonstrated success using models based on GLCM 

textural data.92 Subsequent to the inception of this project there has been a flurry of 

publications pertaining to textural analysis of CESM images.133-140 188 189 

 

9.1 TA modelling: Benign vs malignant lesions 

I have demonstrated that it is possible to create a highly accurate model to 

differentiate benign and malignant lesions. The database of lesions on which these 

models are built is larger than all currently published studies, which may partly 

explain why this work demonstrates higher levels of accuracy. The most accurate 

model developed in this study, which included both CC and MLO views, and 

ellipsoid_ROI and FH_ROI, demonstrates accuracy measures of 0.955, 0.988, 

0.954, 0.962, 0.878, 0.998 for accuracy, AUC, sensitivity, specificity, PPV and NPV 
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respectively. By comparison, ranges of accuracy measures within published studies 

are consistently lower, as illustrated in table 47 below135-140 189. 

Paper Model Accuracy AUC Sensitivity Specificity PPV NPV 

Fanizzi* - 0.875 0.931 0.875 0.917 NR NR 

Losurdo* Embedded 
STAT 

0.807 NR 0.864 0.750 NR NR 

Wrapper STAT 0.809 NR 0.903 0.716 NR NR 

Patel‡ - 0.90 0.95 0.88 0.92 NR NR 

Gao‡  0.85 0.84 0.89 0.80 NR NR 

Danala‡ RC 0.685 0.737 NR NR 0.875 0.615 

Perek FT AlexNet NR 0.843 NR NR NR NR 

RawNet NR 0.824 NR NR NR NR 

Lin Rad-Score NR 0.868 0.700 0.800 NR NR 

Table 47: Diagnostic accuracy measures of published studies.*‡Case overlap. NR: not reported 

 
Five of these publications come from two groups; the Mayo Clinic, USA 136 137 189 and 

Istituto Tumori “Giovanni Paolo II”, Italy 139 140. Interestingly, despite overlap of the 

CESM images from which the textural features were derived, substantial variation is 

seen in model accuracy measures. This is may be related to different modelling 

techniques and emphasises the need for establishing the basic technique and 

consistency. 

For a decision support tool to be clinically practical, it is important to minimise the 

additional time required to acquire the necessary information. With regard to a 

radiomics model this pertains both to the time taken for the images to be segmented 

and the time for the model to run. Therefore, unlike other studies that generated 

100’s or even 1000’s of textural features, I built on existing work which demonstrated 

that GLCM features of heterogeneity / entropy on breast MRI are important for 

differentiated benign from malignant lesions.100 190-192 This is due to the greater 

intratumoural heterogeneity seen in malignant lesions with imaging textural features 

shown to correlate with the underlying pathological heterogeneity.102 

Furthermore, previous studies - with the possible exception of Perek et al135 - include 

textural feature data from both the low energy (LE) and subtracted recombined 

image (RC). By contrast I only included feature data from RC images. This reduces 

workload for radiologists – fewer images to segment – in addition to reducing the 

required computing power with no loss in diagnostic accuracy. 

I have sought to establish the best method of segmentation, both by comparing 

results of models built with data from freehand or ellipsoid ROIs. To my knowledge 

this is the first study to address this question. Existing studies use a range of 
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segmentation methods; including the whole tumour outline (equivalent of 

FH_ROI)189; consistently sized rectangular_ROI either including the whole tumour 

and some surrounding tissue139 or contained within the tumour – similar to 

ellipsoid_ROI137; or sample patches around randomly selected pixels.135 Whilst both 

ROI models in this study demonstrated high levels of accuracy, the ellipsoid_ROI 

demonstrated significantly better performance across all measures. This is especially 

useful for future modelling as segmenting using an ellipsoid ROI is substantially 

quicker than delineating the precise boundary of the lesion using a freehand 

technique. 

A second novel aspect of this study is that I have investigated whether it is 

necessary to use both mammographic views, the MLO and the CC. The majority of 

previous studies have used data from both views,135-137 189 two studies used 

whichever view the lesion was better seen on139 140 and one used CC alone.138 I 

have shown that whilst overall the model using ROIs on both imaging views 

produces a more accurate model; accuracy remains high for models designed with 

single views alone, with no significant difference in AUC values across all three 

models. Of the models looking at single views alone, the CC_ROI model 

demonstrated higher accuracy and F1 score, and was more accurate at identifying 

benign lesions with a higher specificity and PPV. The MLO_ROI model was better at 

detecting malignant lesions with a higher NPV and sensitivity. Although the 

differences between the single-view models and two-view model are statistically 

significant, the additional time to draw the second ROI and compute the textural 

analysis figures needs to be taken into account. I would suggest that the marginal 

gains, for example accuracy of 0.947 vs 0.955 or F1 score of 0.959 vs 0.99 does not 

justify the additional time required for the two-view model. Furthermore, whilst the 

results suggest that the MLO model is preferable, if a lesion is only visible on CC I 

would propose that this should also be included. Future work will include building a 

model using either CC or MLO views. Interestingly the published models that have 

taken this approach do appear to have higher accuracy than those using both views 

or CC alone, 138-140 but due to wide variation in other methodological aspects of the 

studies, direct comparison is not feasible. 

Furthermore, this is the first multi-vendor study to look at textural analysis of CESM 

images. All the models described above derived radiomic data from images acquired 

on both GE and Hologic equipment. Although it was not possible to test the relative 
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model accuracy on separate vendor databases, due to small sub-set numbers, this is 

a very promising finding. Ultimately, for optimal clinical use a radiomics package 

would be available on PACS (Picture Archiving and Communication System) 

workstations to allow quantifiable data to be extracted and used in real-time 

reporting, irrespective of the machine on which the images were acquired. 

 

9.2 TA modelling: Tumour grade 

Breast cancers are known to have heterogeneous architecture yet initial grading has 

to be based on a small sample of tissue derived from core biopsies. Histological 

grade on core biopsy and surgical specimen are only moderately correlated, with 

core biopsy tending to under-estimate, simply because the most aggressive part of 

the tumour has not been sampled. This has the potential to exclude patients who 

would benefit from neoadjuvant chemotherapy.193 This paper explores the possibility 

radiomics may offer as a non-invasive alternative assessment of the whole tumour.  

Due to the small number of grade 1 lesions, it was not possible to classify lesions 

into grade 1, grade 2 and grade 3. Therefore, a model was designed comparing 

lower grades 1+2 (LG) with high grade 3 (HG) cancer. The model included 90 

lesions classified as LG, and 62 classified as HG. Accuracy was fairly low at 0.630, 

with an AUC of 0.653; this is likely to be related to the small sub-set numbers. 

This question has been considered by two other groups Istituto Tumori “Giovanni 

Paolo II”, Italy 188 and Memorial Sloan Kettering Cancer Centre, USA.133 134 

Interestingly, whilst both the Italian group and the later work published by Marino et 

al compared LG (grade 1+ grade 2) vs HG (grade 3) in a similar manner to this 

study, they also included in situ disease in the models.133 188 This implies that low 

grade DCIS is synonymous with grade 2 IDC or high grade DCIS with grade 3 IDC, 

which on a clinical level is simply inaccurate. For example, whilst grade 3 IDC is 

likely to benefit from neoadjuvant chemotherapy, this would not be routinely offered 

to a patient with high grade DCIS. Conversely, the initial work from Marino et al 

considers invasive tumours separately but differentiates grade 1 invasive tumours 

from grades 2 and 3 invasive tumours.134 The model built by the Italian group utilises 

seven textural features (from first order histogram and GLCM) similar to this study, 

however they were derived from both LE and RC images. By contrast, and 
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consistent with this study, the American group derived textural information from RC 

images alone, but included multiple feature classes (first-order histogram, GLCM, 

RLM, GRA, WAV, GEO). There is presumed overlap in the case set included in 

papers published by Marino et al, with the latter also comparing results to MRI 

radiomics. Despite none of the papers providing detailed measures of accuracy, the 

results reported are promising. For the models differentiating grade 1+2 from grade 3 

tumours, La Forgia et al report an AUC of 0.7985, and Marino et al reports an 

accuracy of 77.8% using RUN features.133 188 The greatest accuracy for 

differentiating invasive cancers (grade 1 vs grade 2+3) is reported as 90% based on 

COM features.134 

Whilst the evidence for using radiomics to support the grading of invasive tumours 

remains limited, it is showing signs of promise. It is particularly useful to note that two 

of the published studies report greatest accuracy using models built on COM +/- first 

order histogram features, as we have done.133 188  

 

9.3 TA modelling: Receptor Status 

I have demonstrated models for classifying ER, PR and HER2 status, with 

accuracies greater for HER2+ status (accuracy 0.791, AUC 0.836) and ER status 

(Accuracy 0.767, AUC 0.819). Lower accuracy was seen for PR status (accuracy 

0.667, AUC 0.640). These findings are consistent with the previous studies. La 

Forgia et al reports AUCs of 90.87%, 83.79% and 75.50% for discriminating 

HER2+/HER2-, ER+/ER- and PR+/PR-respectively.188 The approach of Marino et al 

is slightly different as they do not discriminate between ER and PR, instead building 

a model for hormone receptor (HR) status. The earlier paper, with the larger dataset, 

reports the greatest accuracy for differentiating HR+/HR- lesions as 78.4% using 

COM+HIS.134 Interestingly the latter work by this group, reports the greatest 

accuracy for differentiating HR+/HR- as 95.6% using RUN features instead. This 

later paper also considers HER2+/HR- vs HER2-/HR+, reporting an accuracy of 

97.2% using RLM+WAV features.133  

It should be noted that although this work is interesting, evidence suggests that 

despite the heterogeneity of tumours; ER and HER2 status can be accurately 
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assessed on core biopsy, although weaker concordance between core biopsy and 

surgical specimens for PR status may be seen.14 16  

 

9.5 TA modelling: Predicting response to NACT 

I suggest that the greatest utility will be as a decision support tool to identify tumours 

that will benefit from NACT, but would not be eligible based on core biopsy alone. I 

explored the possibility of developing a model that differentiated lesions that 

proceeded to have a pCR and those that did not, based on the radiomic features 

acquired on the pre-treatment CESM. The ability to create an accurate model was 

hampered by sample-size, especially the pCR subset which only included 28 lesions. 

However, results are promising with accuracy of 0.704 and AUC of 0.744. However, 

the lower F1 score of 0.559 suggests that the reliability is fairly poor and emphases 

the need to develop this work further on a larger dataset. To my knowledge, only one 

previous study considered pre-treatment radiomic assessment of CESM images to 

predict response to NACT.194 Unlike my work this study uses RECIST criteria to 

assess response with ‘NAC-ineffective’ defined as tumours with <30% dimensional 

decrease. 117 patients were included with a training set of 97 (75 NAC-effective, 22 

NAC-ineffective) and a validation set of 20 (10 NAC-effective, 10 ineffective). 792 

radiomics features were extracted from the LE and RC images of the CC view. 

Feature reduction was applied and identified 11 optimal features, of which 9 were 

derived from the RC images. They report an AUC of 0.861 for the training set and 

0.81 for the validation set.194 However despite the higher AUC values, I would 

suggest that pCR is a preferential outcome measure as it is a recognised predictor of 

disease-free and overall survival.87 

 

9.6 Dynamic tumour enhancement on CESM 

This exploratory work was undertaken to investigate whether it is possible to derive 

dynamic enhancement characteristics from CESM; which features are the most 

useful and whether these features may be predictive of histological grade and 

response to neoadjuvant chemotherapy. In addition, associations with MRI dynamic 

curves were considered. 
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Due to the lack of benign lesions with dynamic enhancement within our dataset it 

was not possible to investigate whether dynamic features generated from CESM 

could be useful adjuncts for predicting malignancy.  

No significant differences in dynamic enhancement features were identified with 

respect to invasive tumour grade (LG vs HG). Associations between MRI dynamics 

and tumour grade have been demonstrated,50 55 but to our knowledge this is the first 

research to investigate associations between tumour grade and CESM 

enhancement. Two studies have investigated associations between CESM-

enhancement and invasivity of disease with inconsistent results; Rudnicki et al 

reported significant differences between invasive and in situ p < 0.008, but no 

significant difference between benign and in situ lesions128; Liu et al described a 

significant difference between benign lesions and in situ disease p = 0.001, but no 

difference between in situ and infiltrating disease p = 1.000 131. It is perhaps 

therefore not surprising that we were unable to identify significant differences with 

our small subset groups. 

With regard to pCR-status the only significant difference was seen at pre-treatment 

for FH_WI_Perc99, and this was lost at mid-treatment. However, not only were 

subset numbers small, there was only overlap between pre- and mid-treatment 

dynamic features for 11 lesions. Therefore, this finding should be treated with 

caution and further research with a larger dataset is required to verify the result.  

The greatest clinical application of quantitative assessment of lesions on CESM may 

be in the non-invasive assessment of the whole tumour for prediction of tumour 

immunohistology (including tumour grade) and prediction of response to NACT. At 

present initial treatment decisions are based on core-biopsy, which only provides a 

small proportion of tumour for pathological assessment. Breast cancers are known to 

be heterogeneous, both in grade and hormone-receptor status. If the least 

aggressive part of a tumour is biopsied the treatment offered may not be appropriate. 

Therefore, I suggest that although the results based on this small dataset are limited, 

further investigation with a larger dataset is justified. 

Previous work has demonstrated associations between MRI dynamics and both 

tumour grade50 55 and tumour response to NACT.56 195 Therefore associations 

between CESM-dynamic features and MRI curve-type (type 1-2 vs type 3) were 

undertaken as a surrogate marker, revealing promising results. 
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With regard to ellipsoid-ROI measures, all ‘wash-out’ characteristics - WI, RD and 

SRD, demonstrated a significant difference between type 1-2 and type 3 curves, 

whether using the 99 % value, the 90% value or mean value. With the freehand-ROI, 

only 90% values of WI, RD and SRD demonstrated significant correlations. As 

expected, RD and SRD demonstrated lower (more negative) figures in the MRI type 

3 group when compared to the MRI type 1-2 group. Washout index (WI), based on 

previous work with MRI demonstrated the expected inverse relationship, increasing 

with a greater degree of washout pixels.  

There is no published research which compares the ‘curves’ generated by CESM 

and MRI. Interestingly, whilst SRD values demonstrated significant differences 

between the different MRI-curve groups, this did not translate into a strong 

correlation between CESM-curve and MRI-curve. This suggests that focused work is 

required to establish whether applying the same cut-off to CESM images as MRI 

images is appropriate. If 10% change in enhancement was an appropriate cut-off for 

our data, a correlation with MRI-curves would have been expected.  

Two previous studies have compared CESM washout characteristics in benign and 

malignant lesions using the 10% cut-off. Unlike in this study, they did not use a 

formal delayed image, instead the routinely acquired MLO and CC views were 

compared.127 131 Therefore the time interval between views was considerably shorter 

than in our study - 102 and 104 seconds versus the minimum six-minute (360 

second) delay for our protocol. Significantly more malignant lesions demonstrated 

decreasing or washout characteristics (a decrease of ≥10%) (67-71%), whereas the 

majority of benign lesions demonstrated increasing or wash-in characteristics (48-

58%), p < 0.05. Interpretation and translation of these results is hampered by the 

that there is no standardised method for calculating dynamic CESM enhancement 

and no recognised unit of enhancement. Further research is required to establish 

what an appropriate cut-off for CESM enhancement would be and to clarify how best 

to calculate this. 

It is widely accepted that malignant lesions are significantly more likely to 

demonstrate intense enhancement on CESM images, as measured both qualitatively 

and quantitatively, than those which are benign.120 121 123 125 127 128 130 131 With respect 

to MRI, early phase enhancement of ≥80% has a 91% sensitivity for prediction of 

malignancy, and is a component of type 3 MRI-curves.49 196 Therefore, as a measure 

of initial enhancement, CESM RLE would be expected to be higher in malignant 
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lesions. It was also postulated that higher values may be seen more frequently with 

MRI-type 3 curves. Unfortunately, as previously discussed it is not possible to 

analyse for associations with malignancy. No significant difference between MRI 

curve types was identified. This is most likely due to the lack of type-1 curves 

resulting in the necessary grouping of type 1 and 2. Although less marked, type 2 

curves also demonstrate rapid initial enhancement.196 Other potential factors include 

the lack of true baseline (unenhanced measure) for CESM meaning that background 

enhancement has to be used instead so although similar, the CESM-RLE could not 

be calculated using the same equation as MRI-RLE. Furthermore, differences in the 

timing of the first post-contrast image may be significant. Peak enhancement on MRI 

is seen at 2 minutes 196, while initial CESM-images were performed at least 3 

minutes after contrast administration. Future work to investigate possible 

associations between RLE and malignancy is required, both to establish whether 

there is an association and subsequently whether there is a benefit in calculating 

RLE in addition to simply measuring the maximum enhancement as previously 

reported.  

Similarly, when matched data for qualitative and quantitative CESM enhancement 

characteristics was analysed, significant differences were observed for all 

quantitative measures with the exception of RLE. Interestingly, on subsequent 

pairwise comparison, whilst significant differences between the quantitative values in 

curve types II and III were consistently demonstrated, a significant difference 

between curve type I and III was only seen in half of the measures. This is surprising 

as the greatest difference would be anticipated between these groups. It is likely that 

this lack of difference between type I and III curves is related to the small sub-set of 

type I curves rather than suggesting that these curve types are similar. Whilst there 

is no published work assessing correlation between dynamic enhancement 

characteristics measured qualitatively and quantitatively, Rundnicki et al concluded 

no statistically significant difference between qualitative assessment and quantitative 

assessment of initial enhancement.132 

Unlike MRI, the CESM images are not generated in a sequential order whilst the 

patient remains static and due to the method of creating the reconstructed 

(subtracted) CESM image there is no true pre-enhanced image. Therefore, it is not 

possible to derive dynamic enhancement features for selected pixels or voxels; 

rather the entire ROI is analysed each time. The reason for greater accuracy with the 
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ellipsoid-ROI may be related to reproducibility. Whilst it is not possible for the breast 

to be positioned identically between the initial and delayed imaging, the ellipsoid-ROI 

was unchanged. Whilst the intention was for the ellipsoid ROI to encompass the 

largest area of the enhancing lesion it was not possible to cover the full extent, the 

discrepancy dependent on the shape of the lesion. The ellipsoid ROI was identical 

between the initial and delayed image and was placed over the same area of the 

lesion, thus the same subset of pixels was analysed. By contrast the freehand-ROI 

was drawn individually on each image to encompass the entire enhancing area at 

that time point. Therefore, there may be greater variability in the lesion-ROI when 

using the freehand method. It is also worth noting that the ellipsoid-ROI was quick to 

draw manually, and is more readily transferable to an automated or semi-automated 

system. In addition, using the 90th percentile value has demonstrated the most 

consistently significant results. This may be due to the fact that it is not possible to 

assess enhancement change in discrete pixel groups; using the 99th percentile will 

identify the greatest enhancement on the initial image but may miss the washout as 

the specific pixel will drop below the 99th percentile. The mean will account for this 

but may underemphasise the initial enhancement; thus I suggest that the 90th 

percentile offers a compromise. Promising results have been demonstrated with all 

measures of ‘washout’ (WI, RD, SRD) but less so for initial lesion enhancement 

(RLE), although this is likely due to the fact that prediction of malignancy could not 

be performed.  

I recommend that further research concentrates on segmentation with an ellipsoid 

ROI using values derived from the 90th percentile enhancement level. Moving 

forward it will be important to establish a recognised and standardised measure of 

enhancement to allow calibration of equipment. Research can then be extended to 

clarify the most accurate measure of dynamic enhancement characteristics and cut-

off values to permit categorisation as is seen with MRI curves. 

 

9.7 Limitations 
Although larger or equivalent to similar publications, the sample sizes in this work 

remain modest which limits the validity of the modelling. All segmentation was 

conducted by the same reader, whilst this prevents confounding due to inter-reader 

variability, it reduces the generalizability of the data modelling. It will be necessary to 
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demonstrate reproducibility of segmentation with consideration of both inter- and 

intra-reader variability in future work on larger datasets. 
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Chapter 10: Conclusion 

In this work, I have taken a multifaceted approach to investigate the accuracy of 

CESM and CE-DBT in comparison to MRI, with particular emphasis on the 

neoadjuvant chemotherapy setting and application of radiomics. 

Consistent with previous studies, I have shown that CESM is a promising technique 

with similar accuracy to MRI for predicting response to neoadjuvant chemotherapy. 

However, unlike other studies I have also investigated the incremental benefit of the 

LE image, RC image and DBT in this setting. I have demonstrated that the RC image 

alone is the most accurate for identifying pCR (absence of invasive disease) and 

predicting the size of residual invasive disease. Combining the presence and size of 

suspicious microcalcification on LE image with RC lesion size improved the accuracy 

for predicting WTS, i.e. invasive and in situ disease, although this remained lower 

than the accuracy of MRI. The addition of DBT did not improve accuracy for any 

measure. This is particularly important to note due to the additional radiation dose 

associated with DBT.  

With respect to pre-treatment imaging, it is important to maximise specificity without 

compromising sensitivity at pre-treatment, to ensure that all malignant foci are 

detected whilst limiting the number of false positives as this can lead to delays in 

treatment and distress for the patient whilst they are investigated. CESM 

demonstrated higher sensitivity and specificity than MRI for detecting multifocality. 

This accuracy may be further enhanced with the use of radiomics. 

I have shown that textural analysis can be applied to CESM images with the ultimate 

aim to build a radiomics decision support tool. For such a tool to be clinically 

applicable it needs to be compatible with multi-vendor images, and it is important to 

maximise the efficiency of feature extraction and analysis. To my knowledge this is 

the first study to build radiomic models using multivendor CESM images. These 

models demonstrate consistently high accuracy for discriminating benign from 

malignant lesions. In the context of NACT, this is especially important at pre-

treatment imaging for the reasons described above.  

In addition, this is the first study to investigate optimal segmentation techniques. I 

have established that segmentation with an ellipsoid_ROI is not only quicker than 
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using a manually delineated FH_ROI, but also more accurate. A model that included 

both views was only marginally better than a single view model and all models were 

highly accurate. Furthermore, my models were based on features extracted from the 

RC only, and showed no loss in accuracy compared to published studies using a 

combination of features from both LE and RC images. In summary, I have shown 

that it is only necessary to segment single view RC images using an ellipsoid_ROI to 

build a highly accurate model to discriminate benign and malignant lesions. The 

results of this study also indicate that ellipsoid_ROI is preferable for characterising 

dynamic enhancement characteristics between initial and delayed imaging.  

A further potentially important role for CESM radiomics is as a non-invasive way to 

assess the entire tumour to predict benefit from NACT. At present, this decision is 

based primarily on the immunohistopathology of core biopsies of the tumour, which 

represent only a small sample of a potentially heterogeneous tumour. The model 

designed to predict response to neoadjuvant chemotherapy (pCR) based on pre-

treatment radiomic features had limited accuracy, likely due to small subset 

numbers. However, models with slightly larger datasets to discriminate tumour 

grade, hormone receptor and HER2 status were more successful. This suggests that 

there is merit in extending the pCR prediction modelling work with larger datasets. 

To allow development of CESM radiomics, harmonisation of methods of image 

acquisition, post-processing, segmentation and feature calculation will be critical. 

This will allow sufficiently large and representative datasets on which to develop and 

validate predictive models and classifiers.  

Finally, critical to any change in practice is patient acceptability. I have shown that 

the majority of patients prefer CE-DBT to MRI, in the context on NACT monitoring. 

The main disadvantage of CE-DBT reported by patients was breast pain. It is 

possible that if the DBT element was removed and thus the compression time 

reduced, that patient acceptance would increase further. 

In summary; I have demonstrated that CESM has similar accuracy to MRI, and is 

preferred by patients for monitoring response to NACT. The combination of LE and 

RC images improves the accuracy of size estimation of residual in situ disease. 

Radiomic models built using ellipisoid_ROIs from single view RC images are highly 

accurate for discriminating benign from malignant lesions and may be useful as 

decision support tools in the future. Further models for predicting tumour 
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immunohistopathology and response to NACT also show promise but require 

development with larger datasets. 
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