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Introduction

Introduction

History of Breast Cancer Imaging

1

Mankind has been familiar with breast cancer since ancient times. The first written records
of the disease (Figure 1) are probably attributable to Imhotep (circa 2600 B.C.). He was an
Egyptian physician-architect, who described breast cancer as an incurable disease, which
was “cool to touch, bulging and spread all over the breast”.1 In the manuscript “De Medicina”,
the Roman physician Cornelius Celsus (42BC – 37AD) defined four stages of breast disease,
highlighting that early stage tumors were potentially curable by surgery.2 During the Renaissance, Vesalius (1514 – 1564) advised wide surgical excision for breast tumors and Henri Le
Dran proposed, in 1757, that affected lymph nodes should also be removed to help treating
breast cancer.3 The development of antiseptic, anesthesia and blood transfusion during the
19th and 20th century greatly improved management of breast cancer. Nevertheless, surgeries were aggressive and breast cancer diagnosis was still based on inspection and palpation.
In 1924, during the Radiological Society of North America Annual Meeting, Malvern Clopton
stated that “early breast cancer cannot be diagnosed by palpation or inspection”, and that
surgical excision was the only way of diagnosing breast cancer by the time.4,5 In fact, during
the twenties, the first attempts to obtain radiographies of the breast were unsatisfactory.
However, the following decades proved to be the golden age for the emergence of breast
imaging.
In 1930, Stafford Warren obtained breast roentgenograms of 119 patients using a fluoroscopic equipment. He noted that radiographic interpretation predicted malignancy better
than clinical evaluation, with 93% accuracy.5 In 1960, Robert Egan described the importance

Figure 1. The Edwin Smith Surgical Papyrus dating back to 3000 – 2500 BC (New York Academy of Medicine).
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of positioning techniques to avoid overlapping structures and get the nipple in profile. He
was also the first one to highlight that mammography (MMG) could enable differentiation
between benign and malignant lesions and could be used as a screening tool for cancer in
asymptomatic women. His work was essential for the widespread use of MMG nowadays.6
In 1973, the Health Insurance Plan of Greater New York trial demonstrated a statistically
significant reduction in breast cancer mortality among women offered mammographic
screening compared with a control group of women who were not offered screening.7 A
few years later, the National Cancer Institute and the American Cancer Society released a
series of encouraging reports based on a large multi-institutional Breast Cancer Detection
Demonstration Project screening study.8-11 In the meanwhile, the wives of President Ford
and Vice President Rockefeller were diagnosed with breast cancer, increasing public awareness about the importance of breast cancer screening.5 Many technical developments were
also incorporated during the seventies and the eighties, such as the introduction of oblique
mammographic view, together with craniocaudal view and mammographic magnification.
By the late eighties, the American College of Radiology developed the Breast Imaging
Reporting and Data System (BI-RADS), an initiative in response to requests from referring
clinicians to standardize reporting of MMG.12 Finally, the introduction of full-field digital
mammography improved the visualizations and characterization of breast lesions compared with screen-film mammography.13 Many advantages, such as no more wasted films,
lower radiation dose, and faster needle localization procedures enabled the widespread of
this new technique worldwide.14,15
Not only MMG, but also ultrasound (US) underwent a remarkable evolution during the
last decades. In 1954, Wild and Reid reported for the first time the use of US as a clinical tool
to distinguish between benign and malignant breast lesions.16 These first favorable results
led to continuous investments in US research during the following years. The first clinical
experiences focused on the differentiation between cysts and masses, but in 1987 Fornage
et al. demonstrated the use of US in determining the size of malignant masses.17 Three years
later, the same authors defended the use of real-time breast US as a cost-effective method
for guidance of core biopsy and fine-needle aspiration sampling.18
During the seventies, technical developments in magnetic resonance imaging (MRI)
made by Damadian, Lauterbur and Mansfied laid the foundation for the current use of
this technology in medical diagnosis.19 In 1985, Stelling et al. developed the first prototype
coil for MRI of women’s breasts20 and, in the following year, Heywang et al. published the
first clinical results of breast MRI performed with the use of an intravenous contrast agent
(gadolinium).21 Currently, breast MRI is used (among other indications) to evaluate tumor
response to neoadjuvant chemotherapy (NAC), as a screening tool for women with a lifetime risk of 20% or more to develop breast cancer and to detect multifocal, multicentric or
bilateral disease unrecognized on conventional assessment.22,23
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Importance of Breast Cancer Imaging

1

The importance of breast imaging is related to the high incidence of breast cancer. According to the World Health Organization, approximately 1 in 8 women will be diagnosed with
breast cancer during their lifetime, and half a million women will perish from this disease
every year.24 Nevertheless, breast cancer mortality rates have been declining among women
in the last decades,24,25 mainly due to a combination of treatment improvements and
early detection.25-27 The most important imaging modalities for detection and evaluation of
breast abnormalities are MMG, US and MRI and some aspects of these techniques will be
discussed throughout this thesis. Figure 2 shows examples of a breast lesion seen on these
3 modalities.

Figure 2. 65-year-old patient with an invasive ductolobular carcinoma of the right breast. The same lesion seen
in MMG (a), US (b) and MRI (c).

Mammography
In one of his most important publications, “Signs in MR-Mammography”, Werner A. Kaiser
states: “If we had a diagnostic method that enabled us to detect and remove all breast
cancers from 5 to 10 mm in size, we could practically eliminate breast cancer deaths.”28 In
general, breast cancers are very slow-growing tumors and are expected to take approximately 10 years to evolve from ductal carcinoma in situ (DCIS) to invasive ductal carcinoma
(IDC),29 and survival rates of women diagnosed with early stage carcinoma can reach up to
96%.30 MMG plays a major role in early diagnosis of breast cancer and it is currently the main
imaging tool for population-based screening.31 Before mammographic screening, DCIS corresponded to only 2.1% of all treated breast carcinomas.32 Nowadays, 20% of breast cancers
are diagnosed in the pre-invasive stage.33,34 Even though sensitivity (84.4%) and specificity
(90.8%) of this technique are not ideal,35 mammographic screening can reduce the mortality
from breast cancer up to 70%.36-38 During the mammographic procedure, the patient stands
in an upright position in front of a dedicated X-ray unit. The breast will be placed on a special
plate and will be compressed during 5 – 10 seconds in order to obtain high-quality images
at the lowest radiation dose. The standard procedure consists of 4 views, 2 for each breast.
The aim is to detect small cancers before they present any symptoms.31 Premenopausal
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women should undergo mammographic screening between days 7 and 12 of the menstrual
cycle (due to cyclical variations in breast density) and no particular scheduling is required
after menopause. In a diagnostic setting, MMG is usually performed in order to diagnose
or exclude breast cancer in symptomatic patients (presenting with symptoms such as a
palpable lump, nipple discharge, or skin or nipple retraction). In a screening setting, MMG
starts at age 40 – 50 years until age 70 – 75, and it is repeated every 1, 2, or 3 years (depending on the national screening programme). Many screening programs worldwide have been
successful in reaching a significant adherence of women’s population. In the Netherlands
approximately 1 million women join the breast screening program every year. The same
goes for Australia (1.5 million) and England (2 million).39,40

Ultrasound
Mammographic screening is important, and it has proven to enable early treatment of
breast cancer, to improve survival rates and to reduce the need for aggressive treatment.41,42
However, it cannot detect all breast lesions, particularly in dense breasts, in which MMG has
limited sensitivity (30 – 48%).43,44 Furthermore, women with dense breast parenchyma have
a higher risk of developing breast cancer.45 Stomper et al. showed that more than half of the
women younger than 50 years have heterogeneously dense or very dense breast tissue, and
one-third of women older than 50 years also have dense breasts.46 Recent studies demonstrated the potential of US as an additional tool in diagnosing breast cancer in patients with
dense breasts.43,47,48 Kolb et al. showed that mammographic sensitivity declined significantly
with increasing breast density, and that MMG and US together had significantly higher
sensitivity (97%) compared to MMG alone (77%).43 Corsetti et al. showed that including US
as an adjunct screening tool in women with dense breasts brings the interval cancer rate to
similar levels as interval cancer in non-dense breasts.47 The Connecticut Experiment found
96% sensitivity and 94% specificity in US performed in women with mammographically
dense breasts,48 and Berg et al. showed that adding a single screening US to MMG will yield
an additional 1.1 to 7.2 cancers per 1000 women.49 Therefore, many advocate the use of
supplemental breast US in the population of women with mammographically dense breast
tissue (ACR 3 and 4) to detect small, and otherwise occult, breast carcinomas.50,51 Breast US
is also the preferred imaging method in patients under 40 years of age.52
Regardless of breast density, US is slightly more sensitive than MMG (sensitivity between
68 – 95%) and has shown to be more accurate in determining the tumor size as well as
in identifying multifocal and multicentric disease.53-57 US also has an important role in the
diagnosis of axillary lymph node metastases, and it may be used in treatment planning for
radiation therapy.52 Therefore, this imaging method is also recommended in preoperative
diagnosis and local staging of breast cancer. Another advantage is that US does not expose
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patients to ionizing radiation, which is particularly important in young women (less than
40 years old) and in pregnancy. Finally, US provides real-time images and, therefore, plays a
major role in guiding biopsies and therapeutic procedures.45

Magnetic Resonance Imaging
Breast MRI is based on the use of a powerful magnetic field, low-energy electromagnetic
waves, special coils and a computer to produce detailed pictures of the structures of the
breast. Intravenous administration of a gadolinium-containing contrast material is also essential to help the radiologist differentiate lesions and abnormalities within the glandular
tissue.58
MRI has a high overall sensitivity (circa 95%),59 and it outperforms both MMG and US in
terms of cancer detection. However, the specificity of this technique is considered low to
moderate (approximately 70%),60 and the routinely clinical use of breast MRI may lead to
additional otherwise unnecessary procedures. The Preoperative MRI of Nonpalpable Breast
Tumors (MONET) trial concluded that performing contrast-enhanced breast MRI in addition
to MMG and/or US in patients with nonpalpable suspicious breast lesions did not improve
breast cancer management. In fact, it was paradoxically associated with an increased reexcision rate.61 Another important issue is that a MRI scan is more expensive and takes more
time to perform than other imaging modalities. Therefore, breast MRI is not considered a
replacement for MMG or US, but rather a supplemental diagnostic tool. The most important
indications to perform a breast MRI are: (1) screening of women at high risk of breast cancer,
(2) preoperative staging of newly diagnosed breast cancer (ipsilateral and contralateral
disease), (3) evaluation of the effect of NAC, (4) evaluation of women with breast implants,
(5) occult primary breast carcinoma in patients with metastases and negative MMG and US,
(6) suspected local recurrence, and (7) problem solving in case of equivocal findings at MMG
and US.58
The most important contra-indications to contrast-enhanced breast MRI are: (1) the presence of an implantable device (such as pacemakers/defibrillators) or metallic foreign body,
(2) patients with severe claustrophobia, (3) patients with an important allergic predisposition or who had allergic reactions to drugs or contrast before, and (4) patients with renal
failure. It is important to highlight that, in the last 2 situations, cases should be analyzed
individually and eventually proper precautions can be taken before performing a scan.58
In premenopausal women, MRI is preferably performed during first half of the menstrual
cycle (between days 3 and 14), when the uptake of gadolinium in normal breast tissue is low
and, therefore, abnormalities are better depicted and false positives less frequent.62,63 Breast
MRI is performed using MRI scanners working at 1.5 or 3 Tesla (T), and, in the last years,
clinical research is being performed in order to enable the use of 7T MRI in clinical practice.
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Outline of the thesis
While conventional imaging techniques remain at the forefront of breast cancer diagnostics,
the future looks to a variety of advanced technologies and combinations of imaging modalities that may improve the detection and characterization of breast diseases. This thesis
addresses the value of conventional breast imaging techniques, as well as the potential of
new imaging technologies and strategies in diagnosing breast cancer. The thesis is divided
in two parts:

Part 1 – Conventional Breast Imaging Techniques
MMG is the best screening tool for early detection of breast cancer in women with an
average lifetime risk of developing this disease. However, it may be difficult for radiologists
to properly differentiate between benign and malignant breast calcifications, particularly
those classified as B3.64-66 In Chapter 2, the risk of malignancy following stereotactic breast
biopsy of calcifications classified as BI-RADS 3, 4 and 5 is evaluated.
MRI is currently used as an ancillary imaging method to the standard diagnostic procedures of the breast (clinical examination, MMG and US). Although breast MRI is alleged to
have a high sensitivity (up to 95%)59, the specificity rates of this technique are moderate.60
The guidelines for the use of breast MRI in clinical practice are discussed in Chapter 3.
According to the European Society of Breast Imaging (EUSOBI), breast MRI is strongly recommended in patients with histologic evidence of invasive lobular carcinoma (ILC). These
tumors present a permeative growth pattern and are, therefore, more difficult to measure.
Besides, they are also more often multifocal, multicentric and contralateral when compared
to IDC. Consequently, preoperative MRI is essential for providing appropriate treatment for
these patients.59 Invasive ductolobular carcinoma, also known as invasive ductal carcinoma
with lobular features (IDC-L), is the intermediate histological spectrum between ILC and IDC,
but the clinical and radiological presentation and behavior of this histological type have
not been widely studied. Chapter 4 addresses the spectrum of mammographic, ultrasonographic and MRI features according to the BI-RADS lexicon in patients with histologically
proven IDC-L of the breast. This chapter also discusses the relationship between the proportion of the lobular component and the imaging characteristics of IDC-L.

Part 2 – New Breast Imaging Techniques
The main diagnostic value of breast MRI relies on particular situations, such as assessing the
response to NAC, detecting an occult primary breast carcinoma in patients presenting with
cancer metastasis, detecting multifocal, multicentric and contralateral disease (especially
in patients with ILC), detecting cancer in dense breast tissue, among others.22 The recent
development of new MRI technologies such as breast MR spectroscopy, diffusion-weighted
imaging, and higher field strength (7T) imaging offers a new perspective by providing ad-
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ditional information in breast abnormalities.67 The value of breast MRI in diagnosing and
staging breast cancer, as well as the future potentials of new MRI technologies are discussed
in Chapter 5.
Ultra-high field breast MRI (7T) has recently become available for research. A higher field
strength is expected to provide better signal-to-noise ratio, improve morphology assessment of breast lesions and increase the modality’s sensitivity and specificity. However,
studies comparing 7T versus breast imaging at lower field strengths are scarce. Chapter 6
describes the results of the 7T vs. 3T trial. In this trial we compared the current state of lesion
identification and BI-RADS classification at dynamic contrast-enhanced MRI at 7T and 3T
within the same patient group.
Optoacoustic (OA) imaging is a new technology based on laser light excitation that,
combined with conventional US (OA/US), enables simultaneous assessment of functional
and anatomical information that may improve distinction between benign and malignant
masses of the breast. We performed a clinical trial to assess OA/US’s ability to correctly
downgrade benign masses or upgrade malignant breast masses originally classified as BIRADS 4a and 4b in US. The results found in this trial are presented in Chapter 7.
Finally, in Chapter 8 the results of this thesis are summarized and discussed. Here, the
findings of this thesis are translated into final conclusions and recommendations.
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Abstract
Objectives
To investigate the risk of malignancy following stereotactic breast biopsy of calcifications
classified as Breast Imaging Reporting and Data System (BI-RADS) 3, 4, and 5.

Methods
The study included women with pure calcifications (not associated with masses or architectural distortions) who underwent stereotactic breast biopsy at the Dutch Cancer Institute
between January 2011 and October 2013. Suspicious calcifications (Breast Imaging Reporting and Data System 3, 4, or 5) detected on mammography were biopsied. All lesions were
assessed by breast radiologists and classified according to the BI-RADS lexicon.

Results
Overall, 473 patients underwent 497 stereotactic breast biopsies. Sixty-six percent (326/497)
of calcifications were classified as B4, 30% (148/497) as B3, and 4% (23/497) as B5. Of the
226 (45%) malignant lesions, there were 182 pure ductal carcinomas in situ, 22 mixed ductal
carcinoma in situ and invasive carcinomas (ductal or lobular), 21 pure invasive carcinomas,
and one angiosarcoma. Malignancy was found in 32% (95% confidence interval [CI] 0.24 to
0.39) of B3, 49% (95% CI 0.43 to 0.54) of B4, and 83% (95% CI 0.61 to 0.95) of B5 calcifications.

Conclusions
Considering the high predictive value for malignancy in B3 calcifications, we propose that
these lesions should be classified as suspicious (B4), especially in a screening setting.
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Introduction
Breast cancer is the most common malignant disease and the most common cause of death
among women (522,000 deaths in 2012, according to the World Health Organization).1
Despite increasing incidence,1 survival has improved in the last two decades,1,2 with rates
of up to 80% reported in Western Europe, North America, Japan, and Australia, due to a
combination of more effective treatments, better supportive care, and earlier detection.3
Mammography is currently the best imaging tool for early detection of breast cancer in women with average lifetime risk of developing this disease. The effectiveness of mammographic
screening in reducing breast cancer mortality has been proven in many randomized trials.4-6
Before mammographic screening, ductal carcinoma in situ (DCIS) represented only 2.1% of all
treated breast carcinomas.7 Now, 20% of breast cancers are diagnosed in the pre-invasive stage.8,9
The American College of Radiology developed the Breast Imaging Reporting and Data
System (BI-RADS) in order to standardize the terminology, assessment and management of
mammographic findings.10 The BI-RADS lexicon also includes descriptors of calcifications,
which are classified according to their likelihood of malignancy (Table 1).10
Table 1. BI-RADS classification system*
Category

Definition

Probability of Malignancy

B1

Normal mammography – back to screening program

0%

B2

Benign findings – back to screening program

0%

B3

Probably benign – 6-month interval follow-up

≤2%

B4

Suspicious abnormality – tissue diagnosis

B4a - >2% to ≤10%
B4b - >10% to ≤50%
B4c - >50% to <95%

B5

Highly suggestive of malignancy – tissue diagnosis

≥95%

* Excluding lesions that need additional imaging investigation (B0) and those with known biopsy proven malignancy (B6).

Between 41% and 47% of non-palpable breast malignancies present as pure calcifications in
screening mammography,11 and full-field digital mammography has considerably improved
the visualizations and characterization of calcifications.12,13 The transition of screen-film
mammography to the digital format began two decades ago, and digital mammography
showed to be comparable or even better than screen-film mammography in detecting
breast carcinomas.12,13
The increased detectability of calcifications observed in digital technique makes it essential that these lesions can be reliably classified as either benign or malignant, to avoid
unnecessary biopsies and unnecessary treatment. However, it has been difficult for radiologists to properly differentiate between benign and malignant calcifications, especially those
classified as B3.14-18 Even the use of additional magnetic resonance imaging tools (e.g. 3T
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imaging, kinetic analysis, diffusion-weighted imaging) has not resulted in higher sensitivity
in classifying suspicious breast calcifications.19,20 Image-detected calcifications must have an
appropriate risk stratification, to prevent both malignancy detection failure and unnecessary treatment delay. Such accurate classification is unlikely to be achieved in day-to-day
clinical practice, as it depends on many aspects, including the observer interpretation.18,21-24
The study aims to investigate the risk of malignancy following 497 stereotactic biopsies
of pure calcifications (not associated with masses or architectural distortions) classified as
BI-RADS 3, 4, and 5 at the Dutch Cancer Institute.

Methods
All women who underwent stereotactic breast biopsy procedures at the Dutch Cancer Institute between January 2011 and October 2013 were included in the study. Only suspicious
calcifications detected on mammography were biopsied. According to the Dutch Cancer
Institute policy, calcifications are considered suspicious when classified as B3, B4, or B5. This
policy differs from the original BIRADS lexicon guidelines in which only calcifications classified
as B4 or B5 are considered suspicious and should receive a biopsy; calcifications classified as
B3 are considered probably benign and should undergo a short-term follow-up with patients
returning after 6 months for additional imaging analysis. If the lesion remains stable, a second
6-month follow-up is indicated. After that, a third 12-month follow-up is made and, assuming
stability, the patient may return to the biannual screening program. However, since 2010 the
Dutch National Breast screening program recommends that calcifications that originally would
be classified as B3 should be immediately reclassified as B4 and undergo further investigation.
This procedure was adopted because, in the Netherlands, mammographic screening only
happens once every 2 years and it is, therefore, not possible to follow-up these B3 patients
once every 6 months. Consequently, in the screening setting, all B3 calcifications are immediately considered suspicious and reclassified as B4, and are referred for further investigation
in the clinical setting. During the investigation in the clinical setting, the medical assistant
may decide to follow-up these lesions, and ask for additional imaging investigation (such as
ultrasound) or a direct biopsy of the lesion. At the Dutch Cancer Institute (clinical assessment
setting and not screening), the policy is to consider all B3 calcifications as suspicious and
submit these lesions to biopsy (no follow-up policy is applied in these cases).
Patients with calcifications associated with masses or architectural distortion were excluded from this study; only pure calcifications were included. Patients with calcifications
not identified in stereotactic biopsy were also excluded (these patients underwent different
diagnostic procedures for further investigation). All stereotactic biopsies were performed
by a breast radiologist using a 9-gauge vacuum-assisted device under local anesthesia. On
average, four to eight samples were obtained for each biopsy.
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Digital mammographic examinations were performed with a LORAD Selenia (Hologic,
Bedford, MA, USA) full-field digital mammography unit. Standard craniocaudal and mediolateral oblique mammograms as well as magnification views were obtained for all patients.
All lesions were assessed in routine care by dedicated breast radiologists and classified
according to the BIRADS lexicon,10 which proposes that calcifications should be classified
according to their probability of malignancy (Table 1). According to the BI-RADS, round
and punctate calcifications when in isolated clusters are classified as B3, with a positive
predictive value (PPV) between 0 and 2%. Punctate calcifications with segmental and linear
distribution are classified as B4a (PPV approximately between 2% and 10%), coarse heterogeneous and amorphous as B4b (PPV between 10% and 50%), fine pleomorphic as B4c (PPV
approximately between 50% and 95%), and fine linear or linear branching as B5 (PPV above
95%). In our study, all calcifications were classified according to these BI-RADS guidelines.
The mammographic lesions were assessed by 11 breast radiologists.
Histopathological findings as described in the original reports were considered the
standard of reference. Calcifications associated with DCIS and (or) invasive cancer were considered malignant. Lobular carcinoma in situ, classical type, was considered benign, once
this would not have any treatment implications. The remaining calcifications that showed
no signs of malignancy in histopathological analysis were also considered benign.
This retrospective study was approved by the Institutional Review Board of the Dutch
Cancer Institute. Neither informed consent nor patient approval was required for the review
of medical records (protocol no. 6713).

Results
Between January 2011 and October 2013, 496 women underwent 520 stereotactic breast
biopsy procedures for calcifications classified as BI-RADS 3, 4, or 5. We excluded six patients
with calcifications not identified in the stereotactic biopsy specimens, and 17 patients with
calcifications associated with masses or architectural distortion. This research included 497
pure calcifications from 473 patients. In 24 patients, two or more foci of calcifications were
found on mammography; 13 patients presented with bilateral lesions, and 11 with two or
more ipsilateral lesions. The mean age of included patients was 55 (range 32 – 74).
There were 227 patients (48%) referred directly from the Dutch National Breast screening
program due to calcifications found on mammography. Table 2 shows the origin of all 473
patients included in the study.
In 18 cases (4%), it was not possible to determine if patients were referred from other centers
or directly from the screening program. In 85 patients (18%), calcifications were downgraded
to B3 during clinical assessment, and these patients spontaneously attended the Dutch Cancer Institute for a second opinion. In this group, after re-evaluation, 24 calcifications remained
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Table 2. Patients referred to the Dutch Cancer Institute due to calcifications found in mammography (n = 473)
Patients’ Source

Results

Referred directly from the Dutch National Breast screening program

227 (48.0%)

Follow-up due to previous breast cancer history or high risk of developing breast cancer

110 (23.0%)

Spontaneously went to Dutch Cancer Institute (after screening) to ask for a second opinion

85 (18.0%)

Referred from other hospitals for a third opinion about abnormal breast imaging findings in screening.

14 (3.0%)

Referred from the general practitioner

19 (4.0%)

Unknown

18 (4.0%)

Total

473

as B3, from which seven (29%; 95% CI 0.14 to 0.49) proved to be malignant. There were 61
calcifications reclassified as B4, from which 28 (46%; 95% CI 0.33 to 0.58) were malignant.
Of all 497 lesions (calcifications), 271 were benign and 226 were malignant. The malignant
lesions consisted of 182 cases of pure DCIS, 22 cases of mixed DCIS and invasive carcinoma
(ductal or lobular), 21 cases of pure invasive carcinomas (ductal or lobular), and one angiosarcoma. The histopathological results for each BI-RADS classification are summarized in Table 3.
Of the breast lesions in patients referred directly from the Dutch National Breast screening
program, 45% (108/241; 95% CI 0.38 to 0.51) were malignant; 51% (130/256; 95% CI 0.44 to 0.57)
of the breast lesions from the remaining group showed malignancy. The incidence of malignancy in BI-RADS groups 3, 4, or 5 did not vary significantly according to the type of referral.
Of the 497 calcifications, 30% (148) were classified as B3, 66 % (326) as B4, and 4% (23) as
B5. Malignancy was found in 32% (47/148; 95% CI 0.24 to 0.39) of B3, 49% (160/326; 95%
CI 0.43 to 0.54) of B4, and 83% (19/23; CI 0.61 to 0.95) of B5 calcifications. Invasive cancer
was found in 17% (8/47) of B3, 16% (25/160) of B4, and in 16% (3/19) of B5 calcifications.
Figure 1 shows examples of calcifications classified as B3 that revealed malignancy after
histopathological analysis.

Figure 1. (a and b) Regional punctate calcifications classified as BI-RADS 3. The final histopathological analysis
showed a DCIS grade 3 (a) and a DCIS grade 2 (b).
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Table 3. Histopathological results of suspicious calcifications conform BI-RADS classification (n = 497)
BI-RADS 3
Ductal carcinoma in Situ (DCIS)

Results
39 (26.4%)

Ductal carcinoma in Situ (DCIS) with an invasive component

1 (0.8%)

Invasive Ductal Carcinoma

6 (4.0%)

Angiosarcoma

1 (0.8%)

Lobular Carcinoma in Situ (LCIS)
Other benign lesions
Total
BI-RADS 4
Ductal carcinoma in Situ (DCIS)

5 (3.0%)
96 (65.0%)
148
Results
135 (41.4%)

Ductal carcinoma in Situ (DCIS) with an invasive component

13 (3.9%)

Invasive Ductal Carcinoma

7 (2.2%)

Invasive Lobular Carcinoma

5 (1.5%)

Lobular Carcinoma in Situ (LCIS)
Other benign lesions
Total
BI-RADS 5

7 (2.2%)
159 (48.8%)
326
Results

Ductal carcinoma in Situ (DCIS)

16 (70.0%)

Invasive Ductal Carcinoma

3 (13.0%)

Lobular Carcinoma in Situ (LCIS)

0 (0.0%)

Other benign lesions

4 (17.0%)

Total

2

23

Discussion
In this study, we divided our sample into two groups: patients from the Dutch National Breast
screening program and patients with calcifications detected in a clinical setting (outside the
screening program). The PPV for malignancy in B3 lesions was similar in both groups.
For B4 lesions, the PPV was as expected. According to the BI-RADS lexicon, a B4 abnormality can vary from >2% to an almost 95% likelihood of malignancy,10 and B5 calcifications
have a probability of malignancy higher than 95%. The PPV among our patients with B5 lesions was high (83%), but still slightly lower than the expected 95% rate.10 This inconsistency
may be due to the small number of patients included in this category.
Calcifications classified as B3 present a real challenge in clinical practice. The BI-RADS lexicon reports that the probability of malignancy of a B3 lesion is less than 2% and a follow-up
mammography after 6 months is advised.10 However, we found a remarkably high PPV of
malignancy among B3 calcifications. Similar results to ours have been previously described
in everyday clinical practice.14-17,25 In a recent study Hoffmann et al. evaluated the needle core
biopsy results of patients from the German mammography screening with breast lesions
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classified as B3. The authors found a PPV of 24% for B3 calcifications and recommended that
all B3 lesions should undergo biopsy investigation.15 Other studies showed high incidence
of malignancy among B3 calcifications. Kraal et al. correlated the results of 236 stereotactic
biopsies of pure breast calcifications with the initial BI-RADS classification and found a PPV
of 16% in lesions originally classified as B3.16 Craft et al. observed the outcome of 235 women
attending a breast screening program who were recalled for assessment of calcifications,
and examined the incidence of breast carcinoma detected during the following 5 years.
Among B3 calcifications, an incidence of 12.7% of malignancy was observed.14 Kettritz et al.
performed 78 stereotactic vacuum-assisted breast biopsies of calcifications classified as B3,
and found that 19% of these lesions were malignant.17
Mammographic screening is recommended in The Netherlands once every 2 years, and
in the United Kingdom once every 3 years. Since its first edition, the BI-RADS recommends
that if a B3 lesion is found on mammography, patients should return after 6 months for
additional imaging analysis. If the lesion remains stable, a second 6-month follow-up is
indicated. After that, a third 12-month follow-up is made and, assuming stability, the patient may return to the biannual screening program. In clinical practice, the follow-up of
B3 lesions depends on the preference of the assistant physician, the availability of biopsy
procedures, and the patient’s wishes.26 In the context of public health care, the financial
and planning costs might be an obstacle to implement such a short-term follow-up. In the
Netherlands, approximately 1 million women join the breast screening program every year,
in Australia 1.5 million27 and 2 million in England.28 Between 1-15% of all patients attending
breast cancer screening programs worldwide are recalled for further assessment,29-32 and
pure calcifications classified as B3 account for approximately 8% of all patient recall.15,27,33-36
In light of these figures, the Dutch National Breast screening program has abandoned
the use of B3 for calcifications; instead, B3 lesions are directly classified as B4 and all of them
should undergo further investigation.28,37,38 The most recent edition of the BI-RADS suggests
avoiding the use of the B3 category in large population screening programs.10
In the context of private medicine, a short follow-up for B3 lesions could be affordable.
Nevertheless, previous studies have documented a low compliance to the recommended
follow-up.39,40 Helvie et al. found that compliance rates for low-suspicion lesions were 60%
at 2 years and only 47% at 3 years.40 In a recent clinical trial studying B3 lesions, Baum et al.
found that only 71% of the participants returned within the first 10 months for follow-up.39
Moreover, the interobserver variability among breast radiologists has to be considered,
as morphology and distribution of calcifications are the most important features to define
the final BI-RADS classification. Lazarus et al. found excellent agreement among breast
radiologists when assessing the presence of calcifications on mammography (κ = 0.94), but
agreement concerning morphology and distribution was only fair (κ = 0.32).22 Gulsun et al.
found κ = 0.31 for morphology and κ = 0.29 for distribution.23 Nascimento et al. had similar
results in a group of 115 patients (κ = 0.36 for morphology and κ = 0.24 for distribution).21
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Pijnappel et al. found a moderate (κ = 0.59) agreement regarding B3 lesions in the Dutch
National Breast screening program.18 In a second study, the same authors observed a moderate agreement among radiologists, and concluded that a consistent and reproducible
classification of calcifications using the BI-RADS lexicon is hardly possible, especially when
considering calcifications classified as BI-RADS 3 or 4.18 This study also revealed that, if the
BI-RADS guidelines were followed for all B3 calcifications, diagnosis in 18% of malignancies
would have been delayed, which could result in a worse prognosis for these patients.18 In
our study, 32% of the malignancies in B3 lesions would have been missed using the BI-RADS
guidelines.
The short-term follow-up is also no guarantee of not missing a malignancy, as many
malignant calcifications might take more than 2 years to present visible modifications.41-43
Lesions characterized by central necrosis tend to grow rapidly and the calcifications will also
change accordingly. On the other hand, low-grade lesions lacking central necrosis change
slowly, and the calcifications will reflect this process, presenting subtle or even no modifications.41 Lev-Toaff et al. showed that malignant calcifications may remain stable for up to 63
months,43 and so malignant calcifications might go unnoticed in a time frame of 2 years of
follow-up.41,42,44
One of the limitations of this study is the retrospective design, which can incur selection
biases. Notwithstanding this limitation, our findings are consistent with several previous
studies,14-17,25 in the majority of which the involved radiologists were not performing as
per usual practice. They were aware of their participation in the investigations and were
therefore probably more cautious while reviewing the mammographic images. Another
limitation is the fact that approximately half of the patients (246) were referred to the Dutch
Cancer Institute from a variety of centers. All these patients had calcifications that were
originally classified as B4 by the Dutch National Breast screening program. In 85 cases, these
calcifications were downgraded to B3 during the clinical assessment, and these patients
decided by themselves to ask for a second opinion at the Dutch Cancer Institute (after reevaluation, 24 cases remained as B3 and 61 were reclassified as B4). This difference may be
explained by the fact that the re-evaluation at the Dutch Cancer Institute was performed
only by experienced breast radiologists, which does not always occur in clinical assessment.
In 143 cases, patients were referred from other centers for a second opinion or due to previous breast cancer history (or high risk of developing breast cancer). In 18 cases, it was not
possible to determine the reason why patients were referred for further investigation. All
246 patients were assessed at the Dutch Cancer Institute within 6 months of the first diagnosis during screening. Although these cases may not be representative of calcifications
found in the population, we observed that the results in this group of 246 patients were
very similar to the 227 cases originating directly from screening setting (and also similar to
other studies described above). One of the advantages of our research is that the radiologists involved performed the BI-RADS classification according to their usual daily practice.
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Another advantage is the fact that almost half of the population was referred directly from
the Dutch National Breast screening program, facilitating the generalizability of our results.

Conclusions
The most recent edition of the BI-RADS suggests to avoid the use of B3 category in large
population screening programs. We go beyond that: considering the interobserver variability, costs (and low compliance) to short-term follow-up and the high predictive value
for malignancy in B3 calcifications, we believe that the use of this category for pure calcifications should not only be avoided, but eliminated in the screening setting and in daily
clinical practice. In a screening setting, where patients are seen once every 2 years (or even
less often depending on the country), it is not possible to perform a short-term follow-up
due to costs and difficult logistics. In addition, it has been observed in clinical practice that
even pure B3 calcifications (round and punctate in isolated clusters) have high rates of malignancy (although their characteristics might not present visual modifications during the
2-year imaging follow-up). Abolishing B3 category for calcifications could improve patient
care and avoid delays in both diagnosis and treatment. Pure calcifications (not associated
with a mass or architectural distortion) that would be originally classified as B3 should be
directly classified as suspicious (B4) to avoid missing a malignant lesion.
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Abstract
MRI is increasingly used in breast cancer patients. MRI has a high sensitivity compared
to mammography (MMG) and ultrasound (US). The specificity is moderate leading to an
increased risk of false positive findings. Currently, a beneficial effect of breast MRI has been
established in some patient groups and is debated in the general breast cancer population.
The diagnostic ability of MRI and its role in various groups of breast cancer patients are
discussed in this review.
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Introduction
Magnetic Resonance Imaging (MRI) has a sensitivity exceeding 90% for detecting breast
lesions and is superior in measuring lesion size compared to mammography (MMG) and ultrasound (US).1,2 Breast MRI is, therefore, increasingly used for screening and in the preoperative and neoadjuvant setting.3,4 Since the last century, breast conserving therapy (BCT) is the
standard of care for patients with early stage breast cancer. Although survival rates of BCT
and mastectomy are comparable, recurrence rates are still lower after mastectomy.5-7 The
accurate assessment of lesion size by MRI is considered beneficial for treatment planning
in patients with uncertain tumor size who are potential candidates for BCT. Furthermore, in
the current era of upcoming minimal invasive techniques, exact measurement of lesion size
is increasingly important.8
Despite the increased detection rate of breast lesions on MRI,9,10 existing evidence is
contradictive as to whether MRI improves clinical outcome in the general breast cancer
population.11,12 The moderate specificity of MRI (around 70%)13 might contribute to these
findings. MRI may even cause an increased rate of unnecessary biopsies or extensive surgery, if used in the general breast cancer population.14,15 Emerging evidence shows that
certain subgroups of patients may benefit from MRI, for example, high-risk patients.16 This
is illustrated by the guidelines of the American Cancer Society (ACS), European Society
of Breast Imaging (EUSOBI), European Society of Breast Cancer Specialists (EUSOMA), and
American College of Radiology (ACR) that provide recommendations for the use of breast
MRI.3,17-19 In this review, the most important indications for MRI are discussed to clarify which
patients should undergo MR imaging. Additionally, the degree of literature consensus for
the use of MRI in these subgroups of patients is assessed.

Diagnostic Performance of MRI
Detection of Lesions
Hrung et al. performed a meta-analysis of 16 studies published between 1994 and 1997. The
overall sensitivity of MRI for detecting breast cancer was 95% with a specificity of 67%.20 A
meta-analysis performed by Peters et al., comprising 44 studies, reported an overall sensitivity of breast MRI of 90%. The overall specificity was 72%, indicating that 28% of the detected
lesions were false positive findings.15 This article mainly focused on small, nonpalpable,
early stage breast cancer, explaining the somewhat lower sensitivity compared to the metaanalysis of Hrung et al.20
MRI has proven valuable in detecting the index lesion and possibly in detecting additional
lesions in breast cancer patients. Houssami et al. published a meta-analysis to assess the
diagnostic performance of MRI for detecting multifocal and multicentric disease not visible
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on conventional imaging. They included 19 studies and found a prevalence of ipsilateral
additional foci in 16% of 2,610 women. Histopathology confirmed malignancy in 66% of
these lesions.9 A meta-analysis of 50 papers of Plana et al. corroborates these findings. The
prevalence of additional lesions in the ipsilateral breast was 20% and the positive predictive
value (PPV) of breast MRI was 66.8%.21 Plana et al. also reported the diagnostic accuracy of
MRI for identifying additional lesions in the contralateral breast. The overall prevalence of
contralateral disease was 5.5% with a PPV of 36.6%.21 A meta-analysis of 22 studies solely
focusing on the detection of contralateral disease by Brennan et al. reported an estimated
PPV of 47.5%. MRI detected contralateral lesions in 9.3% of women, resulting in a true detection rate of 4.1%.10

Establishing Lesion Size
Lesion size is an important factor for determining the possibility of BCT and the need for
systemic therapy. Therefore, accurate lesion assessment is of utmost importance for breast
cancer patients. Blair et al. found no significant differences between MRI measurements and
pathologic tumor size in 115 women, proving that MRI is highly accurate in assessing disease
extent. Tumor size determined on MR images correlated better with pathologic assessment
in high-grade tumors (Spearman correlation coefficient = 0.76) than in low-grade tumors
(Spearman correlation coefficient = 0.45).22 Grimsby et al. also evaluated the concordance of
lesions size measurement between MRI and histopathology. A difference between MRI and
histopathology measurements of 0.5 cm was considered concordant and was found in 53%
(100 patients). MRI overestimated lesion size in 33% (62 tumors), of which 47 tumors were
overestimated by more than 1 cm. Underestimation of MRI occurred in 28 tumors (15%),
of which 15 were underestimated by more than 1 cm. Pathologic concordance was more
frequently found in smaller lesions, that is, 69% in lesions smaller than 2 cm, 46% in lesions
between 2 and 5 cm and 31% in tumors larger than 5 cm.2 Another retrospective study with
121 patients by Gruber et al. found that MRI findings and histological findings were not significantly different with a mean overestimation of 2 mm.1 Schmitz et al. assessed the concordance of MRI and histology in 62 patients with invasive breast cancer who underwent BCT.
The mean difference of size measurements was 1.3 mm. MRI overestimated lesion size in
33% (20 tumors) and correctly measured or underestimated lesion size in 67% (41 tumors).23
In a group of 23 patients, histopathologic tumor extent was compared to MR imaging and
MMG. The Spearman correlation coefficient of MMG with histological size was 0.20, which
was not significant (P = 0.39). Size measurements of MRI were more accurate with a correlation coefficient of 0.65 (P < 0.01). MRI underestimated disease extent in 22% (5/23 patients)
and overestimated in 30% (7/23 patients), for MMG this was reported in a majority of 62%
(13 of 21 available mammographic examinations) and 9.5% (two cases), respectively. Here,
a difference of 10 mm or less was considered concordant.24 Shin et al. assessed the accuracy
of MRI and US in determining lesion size in 821 patients. MRI was superior to US in measur-
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ing the size of both carcinoma in situ and invasive carcinoma. For invasive lesions without
carcinoma in situ, the measured differences with histopathology were neither significant for
MRI (P = 0.29) nor for US (0.078). For invasive cancer with carcinoma in situ, the differences
were not significant for MRI (P = 0.064), but significant for US (P < 0.0001).25
In some patients conventional imaging is inconclusive in assessing tumor extent.26
Deurloo et al. showed in which patients MRI is more likely to be complementary to conventional imaging. MRI scans of 165 patients were analyzed and considered of additional value
when a difference in tumor size of at least 10 mm was measured, which occurred in 23%
(39 patients). This was significantly associated with age (<58 years) and irregular borders
on mammography and a discrepancy between lesion size on MMG and US.16 A study by
Pengel et al. corroborates these findings. MRI was found to have no complementary value
in patients who have comparable tumor size on MMG and US.26 Yau et al. reported that
MRI leads to 21% (42 out of 204) additional findings when used as a “problem-solving tool”.
After biopsy, 14 cancers were detected. Only in three of these patients, biopsy would not
have been performed based on conventional imaging. Furthermore, MRI was false negative
in one patient. In five patients, unnecessary biopsies were performed. These data do not
clarify the role of MRI.27 Moderate consensus exists as to whether MRI should be used as a
problem-solving tool in all patients with inconclusive findings on conventional imaging.17,19
The aforementioned studies indicate that MRI outperforms MMG and US in determining
lesion size. Especially in patients in whom discrepancy between lesion size on US and MMG
is found, MRI may be used as an additional tool in the diagnostic work-up.

In Which Patients Should We Perform Breast MRI?
Since the introduction of breast MRI, clinical evidence has consistently shown that MRI has
a high sensitivity for the detection of invasive breast cancer.9,13,20 However, two randomized
clinical trials reported that preoperative MRI for work-up of breast cancer patients did not
result in reduced re-excision rates. The Comparative Effectiveness of MRI in Breast Cancer
(COMICE) trial included 1623 breast cancer patients, randomly allocated to MRI and noMRI groups.14 In the Preoperative MRI of Nonpalpable Breast Tumors (MONET) study, 418
patients were randomized to either undergoing MRI or only conventional imaging. In this
trial, only patients with nonpalpable breast lesions were included.15 Additionally, evidence
from retrospective studies shows no clear advantage of MRI with regard to long-term clinical outcome.28,29 Existing literature suggests that selected groups of breast cancer patients
might benefit from MRI.3,16-19,26,30,31 An overview of most important evidence subdivided in
current MRI-indications with the degree of consensus between different studies is given in
Table 1.
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Table 1. Indications for breast MRI with references and literature consensus
Indication
Invasive lobular
carcinoma

High-risk

Study type

MRIa

Consensus

Fortune-Greeley et al.

Retrospective cohort

+

High

Heil et al.36

Retrospective cohort

+

Houssami et al.38

Meta-analysis

±

Mann et al.35

Meta-analysis

+

Mann et al.31

Retrospective cohort

+

Berg et al.39

Prospective cohort

±

Kriege et al.49

Prospective cohort

+

Kuhl et al.48

Prospective cohort

+

42

Prospective cohort

+

References
37

Kuhl et al.

Leach et al.47

Prospective cohort

+

Lehman et al.46

Prospective cohort

+

Lehman et al.44

Prospective cohort

+

Lord et al.30

Systematic review

±

Sardanelli et al.43

Prospective cohort

+

Sardanelli et al.41

Prospective cohort

+

Warner et al.45

Prospective cohort

±

Prospective cohort

+

Meta-analysis

±

Weinstein et al.40
Neoadjuvant
chemotherapy

Occult primary
Equivocal findings
on conventional
imaging

None (general breast
cancer population)

Marinovich et al.

Marinovich et al.51

Meta-analysis

+

Hylton et al.52

Prospective cohort

+

De Bresser et al.57

Meta-analysis

+

Lu et al.58

Retrospective cohort

+

Deurloo et al.16

Prospective cohort

+

Pengel et al.26

Prospective cohort

+

Yau et al.27

Retrospective cohort

−

Brennan et al.10

Meta-analysis

±

Fischer et al.11

Retrospective cohort

+

Houssami et al.

a

50

9

Meta-analysis

±

Houssami et al.29

Meta-analysis

−

Hwang et al.28

Retrospective cohort

±

Parsyan et al.63

Systematic review

−

Dorn et al.59

Prospective

+

Peters et al.15

Randomized trial

−

Plana et al.21

Meta-analysis

±

Solin et al.12

Retrospective cohort

−

Turnbull et al.14

Randomized trial

−

High

High

High
Moderate

Low

Indicates whether MRI should be performed in the mentioned patient group, according to the authors. ±: role
of MRI is uncertain, +: MRI should be performed, –: MRI should not be performed.
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Invasive Lobular Cancer
Invasive lobular cancer (ILC) is more often multifocal and multicentric than invasive ductal
carcinoma and has a diffuse growth pattern.32,33 Therefore, disease extent of ILC is more
likely to be underestimated on conventional imaging methods and requires MR imaging
according to the EUSOMA guideline.19 Several studies were performed to assess the impact
of the diagnostic ability of MRI in ILC patients. Mann et al. evaluated diagnostic utility of MRI
in 67 ILC patients. They found a significant correlation between MRI measurements and histopathologically determined tumor size (correlation coefficient 0.85, P < 0.01), as opposed
to MMG, which did not correlate to histology (correlation coefficient 0.27, P = 0.46). MRI underestimated lesion size significantly less frequently than MMG (11 vs. 29 patients, P < 0.001),
while lesion size overestimation occurred in a comparable number of patients (7 vs. 5).34
The same group performed a meta-analysis aiming to compare MRI to the conventional
diagnostic work-up of ILC patients. MRI detected additional ipsilateral lesions that were occult on MMG and US in 32% of the cases. The proportion of contralateral cancer detected
only by MRI was 7%. These findings resulted in a change of surgical management in 28.3%
of the patients. Retrospectively, 88% of these alterations were appropriate changes based
on pathologic assessment, resulting in an overall sensitivity for MRI of 93.3%.35 Heil et al. reported comparable findings. In 23 of 92 patients (25%), the surgical approach was changed
after MR imaging. Alterations were appropriate in 20 of these patients (P < 0.0001). Three
patients received unnecessary extensive therapy due to false positive MRI findings.36 In a
study consisting of 1,928 ILC patients of whom 396 underwent preoperative breast MRI, the
re-operation rate was significantly lower in patients who underwent MRI (OR 0.59; 95% CI
0.40 to 0.86). However, the odds of undergoing an initial mastectomy were also significantly
higher in the MRI group (OR 1.48; 95% CI 1.10 to 2.00), the number of final mastectomies
was comparable, suggesting that the increased initial number of mastectomies was appropriate.37 In a meta-analysis of Houssami et al., lower re-excision rates were reported
in ILC patients who underwent MRI; 10.9% versus 18.0% without MRI (OR 0.56, P = 0.031).
However, with 31.1%, the initial rate of mastectomies in the MRI group was also higher. Only
24.9% underwent initial mastectomy in the no-MRI groups (OR 2.12, P = 0.008). The overall
mastectomy rate was slightly higher, 43.0% versus 40.2% (OR 1.64, P = 0.034).38 Mann et al.
retrospectively assessed an MRI group of 99 patients and a no-MRI group of 168 ILC patients.
Significantly fewer patients in the MRI group underwent a re-operation, 5% versus 15% in
the no-MRI group (OR 3.29, P = 0.014). The rate of initial mastectomies did not significantly
differ between both groups.31
Considering the aforementioned literature, the consensus for performing preoperative
breast MRI in ILC patients is high. MRI assesses disease extent more accurately than conventional imaging methods, leading to fewer re-excisions without an increase the mastectomy
rate. Therefore, MR imaging of ILC patients is strongly recommended. However, there should
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be awareness that additional suspicious lesions detected by MRI should be histologically
confirmed considering the relatively high number of false positive findings of MRI.

High-risk Women
The American Cancer Society recommends annual MRI screening in high-risk women.
Women considered having a high breast cancer risk are BRCA1 or BRCA2 gene mutation
carriers, first-degree relatives of BRCA gene mutation carriers, women with a lifetime risk of
developing breast cancer of 20 – 25% or higher (based on family history), patients who underwent radiotherapy of the chest before the age of 30 years and women with syndromes
caused by mutations in the TP53 and PTEN genes.3 Likewise, the EUSOBI, ACR, and EUSOMA
advise adopting a similar protocol in women with a high breast cancer risk.17-19 Additionally,
various subgroups with different breast cancer risks and thus different MRI indications have
been defined. Both the ACS and EUSOBI guidelines state that currently insufficient evidence
exists to recommend or discourage MRI screening in patients with a 15 – 20% lifetime risk
of breast cancer. Similarly, MR screening of women with lobular carcinoma in situ (LCIS),
atypical lobular hyperplasia (ALH) and atypical ductal hyperplasia (ADH), dense breasts or
a personal history of breast cancer is not clearly indicated. Whether or not these patients
should be screened, may be determined based on doctor and patient preference.3,17 The EUSOMA considers the breast cancer risk in patients with a lifetime risk of 15 – 20%, LCIS, ALH,
ADH and dense breasts too low to recommend MRI screening.19 Patients with a lifetime risk
of less than 15% should not be enrolled in annual screening programs according to the ACS
and EUSOBI, as the added value of MRI screening is not supported by existing literature.3,17
There is no consensus on when to start the MRI screening program in high-risk patients.
Currently, it is advised to start at an age 5 years younger than a relative who first presented
with breast cancer. In other patients, starting at the age of 30 years is deemed sufficient. It
is also unclear at what age MRI screening can be ceased. Breast density decreases with age,
making MMG a more useful screening method in older patients. Nevertheless, the sensitivity of MRI remains higher than that of MMG at every age.3,17,19 These recommendations
for MRI screening are based on available literature and expert consensus. Most evidence
is derived from prospective observational cohort studies.39-49 The sensitivity of MRI for detecting invasive breast cancer ranges from 71% to 100%, which is substantially higher than
the sensitivity of MMG (25 – 58.8%). The specificity is 79.0 to 98.4% versus 91.0 to 99.8%,
respectively. Besides the higher sensitivity, MRI has the ability to detect smaller tumors
than MMG,49 leading to early detection of breast cancer, which enables timely treatment.
Additionally, patients with a high risk of breast cancer are at an increased risk of 44 – 55%
of presenting with multifocal and multicentric disease at the time of diagnosis, compared
to patients without an increased breast cancer risk.41,48 Furthermore, disease onset occurs
at younger age when breast density is higher, which impairs the diagnostic accuracy of
conventional imaging methods.49
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In spite of the unavailability of data on outcome and survival, MRI seems beneficial in
high-risk patients and should therefore be used for screening. Consensus in existing evidence is high, especially for high-risk patients with a lifetime risk that exceeds 20%.

Neoadjuvant Chemotherapy
MR imaging is recommended in patients receiving neoadjuvant chemotherapy (NAC). MRI
is able to accurately assess treatment response and assist in determining the appropriate
surgical therapy. MRI should be performed before the start of NAC and after completion of
the treatment. Since MRI is unable to detect very small residual tumor foci, even patients
with complete radiological response have to undergo surgery.17-19 The EUSOBI recommends
to perform MRI after the first half of NAC administrations as well, to facilitate a change of
therapy in non-responders.17 Marinovich et al. performed a meta-analysis to evaluate the
ability of MRI to determine residual tumor size after NAC, 19 studies containing data of 958
patients were included. The mean difference between MRI measured size and tumor size
determined by pathology was +0.1 cm and 95% of measured differences ranged from 4.2
to 4.4 cm. MRI performed better than MMG, which overestimated residual tumor size by
0.4 cm. US measurements were within the same range as MRI measurements.50 Another
meta-analysis reported the utility of MRI for determining complete pathologic response.
Forty-four studies with 2949 patients in total were included. Median sensitivity and specificity for differentiation of complete pathologic response and residual tumor were 92% and
60%, respectively. MMG was significantly less accurate in detecting residual disease.51 The
ACRIN 6657 trial assessed the accuracy of MRI in determining residual tumor size before the
start of NAC, after one cycle, between two subsequent regimens and before surgery in 216
patients. MRI was superior to physical examination at all time points.52 Chen et al. found that
tumor type (IDC or ILC), tumor morphology (mass or non-mass-like enhancement), HER-2
status combined with estrogen and progesterone receptor status were significantly associated with accuracy after multivariable analysis.53 Loo et al. analyzed the influence of tumor
characteristics in 188 patients. They reported that MRI is most accurate in triple-negative or
HER2-postitive tumors and less accurate in ER-positive and HER2-negative tumors.54 Two
potential future roles of MRI in the neoadjuvant setting are currently under investigation.
First, MRI may be useful in the early prediction of treatment response after one or two cycles
of NAC.52,55 Second, MRI is potentially able to predict overall and disease-free survival.19 MRI
is not yet used for these indications in the clinical setting.
MRI has proven to be useful for measuring residual tumor size and determining complete
pathologic response after NAC and is superior to other diagnostic modalities. Considering
two meta-analyses that provide evidence with the highest level of confidence, consensus
to perform MRI in the neoadjuvant setting is high.50,51
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Occult Primary Tumor
MRI is useful in identifying the primary tumor in patients with malignant axillary or supraclavicular lymphadenopathy or with distant metastases, without a visible index lesion on
conventional imaging.56 Because of its high sensitivity, MRI might detect the mammographically occult breast cancer and have an important role in avoiding unnecessary extensive
surgical treatment. In both the American and European guidelines, breast MRI is therefore
recommended in case of lymphadenopathy or metastatic disease of unknown origin with
negative conventional breast examinations.17-19 In a meta-analysis with eight retrospective
studies, De Bresser et al. showed that MRI visualizes breast lesions in 36 – 86% (mean 72%)
of 204 patients with occult primary cancer. The mean sensitivity of MRI for detecting the
primary tumor was 90% (range 85 – 100%). However, the specificity of MRI was low (31%,
range 25 – 55%) again indicating the need for histologic confirmation of all MRI detected
lesions. MRI followed by biopsy enabled BCT instead of mastectomy in approximately onethird of the patients.57

Discussion and Conclusions
We have provided an overview of the recent literature on the diagnostic ability and the
most important clinical indications for breast MRI. MR imaging has a high sensitivity with
moderate specificity and is superior in assessing disease extent compared to conventional imaging. For almost all aforementioned indications: patients with ILC,35,38 high-risk
patients,30,39,42,45 neoadjuvant chemotherapy 50,51 and occult primary tumors,57,58 consensus
in the literature is high. MR imaging is recommended for determining disease extent and
ruling out contralateral disease in these patients. The evidence for patients with inconclusive findings on conventional imaging is less clear, resulting in moderate consensus.16,26,27
Whether or not MRI should be performed in these patients, may be determined per case.
In general, increased lesion detection and the risk of overtreatment due to MRI should be
taken into consideration when ordering an MRI scan.
Currently, the role of MRI is established in selected patient groups. In the future, the role of
MRI might be extended to accelerated partial breast irradiation (APBI) 59-61 and minimal and
non-invasive treatments (e.g. radiofrequency ablation, high intensity focused ultrasound,
and cryotherapy).1,62 The ability to precisely determine disease extent, makes MRI an excellent tool for patient selection for both APBI and minimal invasive treatments. Furthermore,
MRI is a useful method to plan and guide minimal invasive therapies. At last, MRI can be
used for evaluation of treatment results and follow-up. Clinical experience with these treatment modalities is still limited, but holds promise for the future.
Performing breast MRI in the general breast cancer population has not been proven
to be advantageous or cost-effective, which is supported by the low consensus in the
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literature.14,15,29,63 Currently, MR imaging is not recommended for patients without any of
the aforementioned indications. However, due to the lack of randomized clinical trials,
the impact of breast MRI on long-term outcome has not been established with certainty.
Improvement of the local recurrence rate and survival are the most important factors in
determining a possible beneficial impact of MRI. Therefore, we recommend performing MRI
in this group only in the research setting. An example is the Alliance phase III trial on the
effect of preoperative breast MRI in patients eligible for BCT. Since the measured effect will
be small due to already favorable outcomes after BCT, a large study population is required
to prove potential impact of MRI. The trials should be standardized with regard to scan
protocols and image assessment (BIRADS classification). In summary, MRI should only be
performed in patients with established clinical indications or in the research setting.
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Abstract
Purpose
The aim of this study was to describe the imaging features of patients with invasive ductolobular carcinoma of the breast in comparison with the proportion of the lobular component.

Materials and Methods
We retrospectively reviewed mammographic, ultrasonographic and MRI records of 113 patients with proven ductolobular carcinoma diagnosed between January 2008 and October
2012 according to the Breast Imaging Reporting and Data System (BI-RADS) lexicon, and
correlated these to the proportion of the lobular component.

Results
At mammography the most common finding (62.9%) for invasive ductolobular carcinoma
was an irregular, spiculated and isodense mass. On ultrasound an irregular and hypoechoic
mass, with spiculated margins and posterior acoustic shadowing was observed in 46.8% of
the cases. Isolated mass and mass associated with non-mass-like enhancement (NMLE) were
the most common findings by MRI (89.4%). Wash-out pattern in delayed phase was seen
in 61.2% and plateau curve was more frequently observed in patients with larger lobular
component. Additional malignant findings (multifocality, multicentricity and contralateral
disease) did not correlate significantly with the proportion of the lobular component.

Conclusions
Invasive ductolobular carcinoma mainly presents as an irregular, spiculated mass, isodense
on mammography and hypoechoic with posterior acoustic shadowing. On MRI it is usually
seen as an isolated mass or as a dominant mass surrounded by smaller masses or NMLE.
Wash-out is the most ordinary kinetic pattern of these tumors. In general, the imaging
characteristics did not vary significantly with the proportion of the lobular component.
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Introduction
Breast cancer is a heterogeneous group of tumors with multivariate morphology, growth
pattern, molecular profiles and response to treatment. The majority of invasive breast cancers (72 to 80%) are categorized as invasive ductal carcinoma (IDC). The prevalence of the
second most common type of breast cancer, invasive lobular carcinoma (ILC), accounts for
5 to 15%.1-3
There is an extensive literature on clinical and imaging characteristics of both IDC
and ILC.4-12 Multiple differences in demographic and tumor features between these two
histological types have been reported. Patients with ILC are generally older at the time of
the diagnosis,10,13 ILC is usually larger in diameter,14,15 is more frequently hormone receptor
positive,5,14 has lower grade than IDC,5,14,15 is more frequently multifocal, multicentric and
bilateral, and the organ distribution of metastatic disease tends to spread to pelvic organs,
gastrointestinal tract and also to distinct sites such as retroperitoneum, meninges, ovary
and serosa.
ILC has the histological characteristic to spread in rows of single cell layers around normal ducts like a “spider web”, infiltrating the preexisting stroma without inducing a strong
desmoplastic response.16,17 This growth pattern causes minimum disruption of the normal
anatomical structures (when compared to IDC), turning the radiological and clinical diagnostic of this tumor into a real challenge.18 This insidiously invasive nature makes the full
extent of these tumors difficult to diagnose in screening. Mammography (MMG) may only
reveal subtle changes or can even be completely normal. Mammographic sensitivity for
detection of ILC varies between 57-92%19-21 and ILC has higher false negative rates than IDC
(19 vs. 10%),22 making ILC more difficult to diagnose, especially in early stage. Ultrasound
(US) is slightly more sensitive than MMG (sensitivity between 68-95%) and has shown to
be more accurate in determine the (pathologic) size of the lesion, and also in identifying
multifocality and multicentricity.19,23-26 Magnetic resonance imaging (MRI) has become
mainstream for diagnosis and work-up of breast cancer patients and many studies have
demonstrated this imaging modality to have sensitivity above 90%.19,23,24,27-35 MRI plays a
fundamental role in providing additional information not obtained by conventional digital
MMG and US, being of great importance in recognition of ipsilateral and contralateral lesions.35,36 The Preoperative MRI of Nonpalpable Breast Tumors (MONET) trial demonstrated
that breast MRI was associated with an increased re-excision rate and is not advised to be
used routinely for preoperative work-up of patients with non-palpable breast cancer.37
However, various authors proposed preoperative breast MRI to have significant impact in
treatment of patients with ILC.7,9,16,34,36,38,39 MRI has a superior accuracy23,38 in defining the
extent of ILC and is, therefore, essential for a correct surgical planning and further treatment
of these patients.27,32,35-37,40
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Invasive ductolobular carcinoma, also called invasive ductal carcinoma with lobular
features (IDC-L), is intermediate in the histological spectrum from ILC to IDC, but the clinical
and radiological presentation and behavior of this histological type have not been widely
studied. It is therefore not well known if imaging features, clinicopathologic behavior, and
outcome of these tumors are more comparable to IDC or to ILC.
The aim of this study was to, therefore, describe the spectrum of mammographic, sonographic and MRI features according to the Breast Imaging Reporting and Data System (BIRADS) lexicon in patients with histologically proven invasive ductolobular carcinoma of the
breast and to evaluate the relationship between the proportion of the lobular component
and the imaging characteristics of these breast tumors.

Materials and Methods
Patients
Patients diagnosed with invasive breast carcinoma containing lobular features at the UMC
Utrecht (The Netherlands) between January 2008 and October 2012 were considered. Only
patients who underwent preoperative MRI, MMG and US were included in this study.

Imaging Acquisition
For the mammograms, the standard craniocaudal view and mediolateral oblique were
obtained using the Hologic Lorad Selenia full field digital MMG system. Additional views
or spot compression were obtained when necessary. The US images were acquired using a
Philips HD-11 XE digital imaging system (5 - 12 MHz linear probe).
The MRI scans were acquired with the patient in the prone position on 3 Tesla clinical
MRI scanners (Achieva, Phillips Healthcare, Best, The Netherlands) equipped with dedicated
phased-array bilateral breast coils (SENSE-Breast7TX and SENSE-Breast-4 MRI devices).
MRI imaging was performed according to our standard staging breast imaging protocol,
which included a transverse high resolution T1-weighted isotropic volume examination
(THRIVE) [TE/TR 1.87/4.9 ms; flip angle 10°; FOV 360 x 360 x 180 mm3, acquired voxel size 0.65
x 0.65 x 2.0 mm3, reconstructed voxel size 0.64 x 0.64 x 1.00 mm3) and a transverse SPAIR T2weighted series (TE/TR 100/5508 ms; inversion delay SPAIR 305 ms; flip angle 90°; FOV 360 x
360 x 180 mm3, acquired voxel size 1.00 · 1.46 · 2.0mm3, reconstructed voxel size 0.64 · 0.64 ·
2.00mm3). The dynamic series consisted of contrast-enhanced fat-suppressed T1-weighted
gradient echo images (TE/TR 1.24/3.3 ms; flip angle 10°; FOV 360 · 360 x 180 mm3, acquired
voxel size 1.00 · 1.00 · 2.00 mm3, reconstructed voxel size 0.94 · 0.94 · 1.00mm3; dynamic
scan duration 68 seconds). Images were acquired before and at 0, 69, 138, 206, 274 and 342
seconds after the administration of 0.1 mmol/ kg Gadolinium-DTPA (Magnevist, Schering,
Germany). The acquisition time of this scan package was approximately 25 minutes.
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Image Interpretation
Mammograms and US images were retrieved from the local PACS system and analyzed at
a Sectra Workstation IDS7 (Sectra Imtec AB, Sweden). MRI examinations were processed
by CADstream (Confirma, Inc., Kirkland, WA, USA). The images were interpreted by two
dedicated breast radiologists. In addition, all images were reviewed and interpreted by a
third radiologist, who was blinded to the proportion of the lobular component of each
patient. In case of discordance with the original reports, a consensus was reached with a
fourth dedicated breast radiologist with more than 20 years of experience in breast imaging.
All images were interpreted according to the guidelines of the BI-RADS lexicon.41 Lesions were essentially divided into mass and non-mass-like lesions in order to perform
morphological analysis. Based on the BI-RADS lexicon,41 lesions which had a mass as the
main characteristic (isolated mass or dominant mass surrounded by smaller masses or foci
of non-mass-like enhancement [NMLE]) were defined as a mass-like lesion. Architectural
distortion and NMLE (focal area, linear, ductal, segmental, regional, multiple regions, diffuse
enhancement, and multiple enhancing foci) were defined as descriptors of non-mass-like
lesion. Time intensity curves were classified according to their pattern of initial rise (slow,
medium, rapid) and according to the delayed phase (persistent, plateau, wash-out). Finally,
each lesion was scored according to the BI-RADS lexicon;41 0 – Finding for which additional
evaluation is needed, 1 – No abnormal enhancement, no lesion found, 2 – Benign finding, 3
– Probably benign finding, (short interval follow-up), 4 – Suspicious abnormality, 5 – Highly
suggestive of malignancy, 6 – Known cancer biopsy-proven malignancy diagnosis on the
imaged finding prior to definitive therapy.
Tumor extent and additional disease were defined as follows:
Multifocality: an additional malignant lesion in the same quadrant, separated from the index
tumor by benign tissue.
Multicentricity: an additional malignant lesion in a different quadrant than the index cancer.
Contralateral disease: an additional malignant lesion found in contralateral breast.
Multiplicity: two or more of these features (multifocality, multicentricity and contralateral
disease).
Additional findings were considered true positives when histopathological analysis of either
preoperative work-up or surgical specimen has shown malignancy (invasive carcinoma or
ductal carcinoma in situ [DCIS]).

Histological Analysis
All slices of ductolobular carcinoma (n = 113) were reviewed by a dedicated breast pathologist to quantify the lobular component, defined as a proportion of the invasive cancer.
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Statistical Analysis
Data were analyzed using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Chi-square tests
were used to compare proportions of the lobular component to the imaging characteristics
and to compare the proportions of lobular component to the additional findings in our
sample. For statistical purpose, proportion of the lobular component was grouped into
three different categories: ≤ 20%, 21 to 94%, and ≥ 95%. Results were considered significant
at p < 0.05.

Results
Between January 2008 and October 2012, 505 patients were diagnosed with breast cancer
and invasive ductal carcinoma with lobular features was reported in 30% (155/505) of the
patients. Of these 155, 41 patients were excluded due to technical problems in performing
MRI, obesity, claustrophobia, impossibility of obtaining MMG or US before MRI and personal
reasons. The remaining 113 patients who underwent MMG, US and MRI were selected for
this study. The age at diagnosis of the 113 patients ranged from 34 to 87 years with a mean
of 57.4 years.
There were 41 patients with a proportion of ≤ 20% of the lobular component, 36 patients
with a proportion of 21 to 94%, and 36 patients with ≥ 95% of the lobular component.

Mammographic Findings
Mammographic findings are presented in Table 1. A mass was the most common mammographic finding, observed in 54.8% of the cases. In 46.0% of the cases, we found an
isolated mass and, in 8.8%, a mass was found associated with microcalcifications. Isolated
microcalcifications were seen in 11.5% of the patients. Architectural distortion was found
in 10.6% of the cases and asymmetries (associated or not with microcalcifications) were
noticed in 8.1% of the cases. Normal findings were observed in 15.0% of the patients.
Prevalence of normal findings was higher (25.0%) in patients with ≥ 95% of lobular
component vs. 12.2% in the ≤ 20% lobular component group (Table 2). However, this difference had no statistical significance (p = 0.115). Considering only mass lesions (n = 62), a
total of 62.9% were simultaneously irregular, spiculated and isodense to the fibroglandular
parenchyma (Figure 1a). Isodense mass was more frequently associated with smaller lobular
component (p = 0.016). Circumscribed masses were seen in 2.6% (3/113) of the patients.
The prevalence of other mammographic lesions (microcalcifications, architectural distortion, asymmetries), mass shape and mass margins did not vary significantly according to the
proportion of the lobular component.
Additional findings (nipple retraction and skin thickening) were seen in 14.1% (16/113) of
the patients (Figures 2a and 3a).
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Table 1. Mammographic findings of invasive ductolobular carcinomas of the breast
Findings

n = 113

Benign/Normal

15.0% (17/113)

Mass

46.0% (52/113)

Mass with calcification

8.8% (10/113)

Calcification only

11.5% (13/113)

Architectural distortion

10.6% (12/113)

Focal asymmetry or asymmetry

7.1% (8/113)

Asymmetry and calcification

1.0% (1/113)

Mass shape

n = 62

Round/Oval

8.1% (5/62)

4

Lobular

3.2% (2/62)

Irregular

88.7% (55/62)

Mass Margin

n = 62

Circunscribed

4.8% (3/62)

Not Circunscribed

24.2% (15/62)

Spiculated

71.0% (44/62)

Mass Density

n = 62

Isodense

88.7% (55/62)

Hyperdense

11.3% (7/62)

Associated Findings

n = 113

Nipple retraction

3.5% (4/113)

Skin Thickening

10.6% (12/113)

Enlarged axillary lymph nodes

3.5% (4/113)

Table 2. Imaging findings of invasive ductolobular carcinomas of the breast according to proportion of the
lobular component
Proportion of the lobular component
Findings

≤ 20%
(n = 41)

21 to 94%
(n = 36)

≥ 95%
(n = 36)

Normal Mammographic Findings

12.2% (5)

8.3% (3)

25.0% (9)

Multifocality

21.9% (9)

27.7% (10)

33.3% (12)

Multicentricity

9.7% (4)

19.4% (7)

25.0% (9)

Contralateral Disease

9.7% (4)

11.1% (4)

16.6% (6)

Multiplicity

7.3% (3)

13.8% (5)

30.5% (11)
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Figure 1. 48-year-old woman, with positive family history for breast cancer, presented with a palpable lump on
the left breast, finally diagnosed as ductolobular carcinoma with a ≤ 20% proportion of the lobular component.
(a) Mediolateral oblique and craniocaudal mammograms show an irregular and spiculated mass. A comet-tail
like projection arises from the anterior and posterior margins and a discrete retraction around the lesion can be
seen. (b) US of the left breast demonstrates an irregular, hypoechoic and vertically oriented mass, with echogenic halo at 3 o’clock position.

Figure 2. 59-year-old patient with mastitis carcinomatosa (inflammatory carcinoma), finally diagnosed as ductolobular carcinoma with a ≥ 95% proportion of the lobular component. (a) Craniocaudal and mediolateral
mammograms show extensive skin and trabecular thickening/coarsening of the right breast and diffusely increased breast density, associated with multiple calcifications in the upper outer breast. (b) MRI shows multiple
confluent masses, with irregular margins and heterogeneous internal enhancement pattern. Skin thickening
and invasion of the nipple and of the pectoral muscle are also observed. These are the typical features of inflammatory carcinoma. Multicentricity (multifocal and multicentric disease simultaneously) can also be observed in
coronal projection (c). (d and e) Post-processed color parametric map image demonstrates multiple areas of
malignant enhancement in axial projection. Kinetic curve demonstrates typical malignant pattern (rapid initial
rise and wash-out).
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Figure 3. 52-year-old woman with nipple retraction and metastasis to the right eye, finally diagnosed as ductolobular carcinoma with a 21 to 94% proportion of the lobular component. (a) Left mediolateral oblique and
craniocaudal mammograms show a star shaped mass in center of the breast, associated with calcifications, skin
thickening and nipple retraction. (b) Axial contrast material-enhanced with fat suppression show a spiculated
mass. There is nipple retraction, skin thickening and pectoral muscle invasion. (c and d) Post-processed color
parametric map and kinetic curve predominantly demonstrate persistent enhancement and a small central
area of plateau.

Ultrasonographic Findings
US findings are summarized in Table 3. Of the 113 cancers, 109 (96.5%) lesions were masses
localized in the breast, 3 (2.6%) patients had normal exams and 1 (0.9%) patient had a
parasternal mass. These masses (n = 109) found in our study were mainly irregular (92.7%),
spiculated (60.6%), hypoechoic (91.8%), with posterior acoustic shadowing (64.2%). These
four characteristics were observed simultaneously in 46.8% of the patients (Figures 1b and
4b). Microlobulated margins were seen in 19.3% of the patients and absence of posterior
acoustic features was found in 30.3% of the cases.
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Figure 4. 43-year-old woman presenting with focal thickening in the left breast, finally diagnosed as ductolobular carcinoma with a ≤ 20% proportion of the lobular component. (a) Mediolateral and craniocaudal mammograms of the left breast show a spiculated mass in the upper outer quadrant. (b) US shows a hypoechoic and
spiculated mass, with echogenic halo and posterior acoustic shadowing (upper outer quadrant).

Table 3. Ultrasonographic findings of invasive ductolobular carcinomas of the breast
Findings
Benign
Mass
Other findings (parasternal mass)
Mass Shape
Round/Oval
Irregular

n = 113
2.6% (3/113)
96.5% (109/113)
0.9% (1/113)
n = 109
7.3% (8/109)
92.7% (101/109)

Mass Margin

n = 109

Circumscribed

1.8% (2/109)

Indistinct
Angular

10.0% (11/109)
8.3% (9/109)

Microlobulated

19.3% (21/109)

Spiculated

60.6% (66/109)

Mass Echogenicity
Complex echoic
Hypoechoic
Isoechoic
Mass Posterior acoustic feature
No feature
Enhancement
Shadowing
Associated Findings
Enlarged axillary lymph nodes

64

n = 109
6.4% (7/109)
91.8% (100/109)
1.8% (2/109)
n = 109
30.3% (33/109)
5.5% (6/109)
64.2% (70/109)
n = 113
8.8% (10/113)
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Taking into account the lobular component, angular margins were more prevalent in patients with a bigger lobular component, with 11.1% in the ≥ 95% group and 4.8% in the ≤
20% group. However, these results had no statistical significance. Findings concerning mass
shape, echogenicity and posterior acoustic features had similar prevalence in all groups.

MRI Findings
Of all tumors (n = 113), 89.4% (101) were classified as “mass-like” lesion (see Table 4). From
these 101, 56.4% were isolated masses, 37.6% were a dominant mass associated with NMLE
features and 6.0% were dominant masses surrounded by smaller masses. The most common
findings for mass lesions were low signal on T1 in 99.0% of the cases and moderate signal
in 43.6% of the cases on T2-weighted images. Concerning mass shape, the masses found
were predominately irregular (86.1%). Regarding the margins of these masses, spiculated or
irregular margins were found in 91.1%. Heterogeneous enhancement pattern was seen in
59.4% of the cases.

Table 4. MRI findings of invasive ductolobular carcinomas of the breast according to the BI-RADS (NMLE = nonmass-like enhancement)
Lesion Type
Normal

n = 113
1.8% (2/113)

Massa

55.8% (63/113)

Mass + NMLE

33.6% (38/113)

NMLE

5.3% (6/113)

Architectural distortion

2.6% (3/113)

Architectural distortion + NMLE

0.9% (1/113)

Mass T1

n = 101

Low

99.0% (100/101)

Mod

0% (0/101)

High
High central low peripheric
Mass T2

0% (0/101)
1.0% (1/101)
n = 101

Low

7.9% (8/101)

Mod

43.6% (44/101)

High

37.6% (38/101)

Low central high peripheric

10.9% (11/101)

Mass Shape

n = 101

Round/Oval

6.0% (6/101)
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Table 4. MRI findings of invasive ductolobular carcinomas of the breast according to the BI-RADS (NMLE =
non-mass-like enhancement) (continued)
Lobular

7.9% (8/101)

Irregular

86.1% (87/101)

Mass Margin

n = 101

Smooth

8.9% (9/101)

Irregular

36.6% (37/101)

Spiculated

54.5% (55/101)

Mass Enhancement

n = 101

Homogeneous

15.8% (16/101)

Heterogeneous

59.4% (60/101)

Rim enhancement

24.8% (25/101)

Dark internal septation

0% (0/101)

Enhancing internal septation

0% (0/101)

Central enhancement

0% (0/101)

NMLE Distribution

n = 45

Focal area

71.1% (32/45)

Linear

11.1% (5/45)

Ductal

4.5% (2/45)

Segmental

2.2% (1/45)

Regional

2.2% (1/45)

Multiple Regions

6.7% (3/45)

Diffuse

2.2% (1/45)

NMLE Internal Enhancement

n = 45

Homogeneous

69.0% (31/45)

Heterogeneous

22.2% (10/45)

Stippled, punctate
Clumped

0% (0/45)
4.4% (2/45)

Reticular, dendritic

0% (0/45)

Rim enhancement

4.4% (2/45)

NMLE Symmetry

n = 45

Symmetric

0% (0/45)

Asymmetric

100.0% (45/45)

Kinetic Pattern Initial Rise
Not available
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Table 4. MRI findings of invasive ductolobular carcinomas of the breast according to the BI-RADS (NMLE =
non-mass-like enhancement) (continued)
Slowb

0% (0/103)

Mediumb

13.6% (14/103)

Rapidb

86.4% (89/103)

Kinetic Pattern Delayed Phase
Not available
Persistentb

n = 113
7.1% (8/113)
6.8% (7/103)

Plateaub

32.0% (33/103)

Wash-outb

61.2% (63/103)

4

a

Isolated mass or dominant mass surrounded by smaller masses.
b
Excluding non-available and normal exams (n = 103).

Forty-five (39.8%) patients presented with NMLE features and they could be found isolated
or associated with other lesions (adjacent to a dominant mass or to an architectural distortion). Considering all cases with NMLE features found in our sample (45 in total), 71.1%
presented as focal areas. The internal enhancement was homogeneous in 69.0% and all
cases were asymmetric.
Lesions with isolated NLME aspect were seen in 5.3% (6/113) of our patients. Architectural
distortion and architectural distortion associated with NMLE were seen in 2.6% and 0.9% of
the patients, respectively. Normal exams were found in 2 patients (1.8%).
Considering all lesions with available kinetic data (n = 103), rapid initial rise was seen
in 86.4% of the cases and 61.2% of the cases had wash-out pattern in delayed phase. In
7.1% of the cases, kinetic data was not available and 6.8% of the patients showed benign
pattern (persistent curve) in delayed phase. In kinetic delayed phase, “plateau” curve was
more frequently observed in cases with bigger lobular component (36% in both the 21 to
94% and ≥ 95% groups vs. 17% in the ≤ 20% group) (Figures 3c, d and 5c). Wash-out was
more prevalent in tumors with a smaller lobular component (63.4% in the ≤ 20% group vs.
50.0% in the ≥ 95% group) (Figures 2e). Despite these differences, there was no statistical
relevant difference among those groups (p ≥ 0.05). Mass shape, mass margins, patterns of
mass enhancement and NMLE characteristics did not show statistical significant variations
according to the proportion of the lobular component.
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Figure 5. 49-year-old patient with palpable thickening in the right breast, finally diagnosed as ductolobular carcinoma with a ≤ 20% proportion of the lobular component. (a) Multiple irregular, confluent and heterogeneous
masses in the right breast associated with skin thickening and pectoral muscle invasion (b and c). Contralateral
disease is better seen in color parametric map (axial projection). Observe the enhancement pattern (rapid initial
rise and plateau) commonly observed in invasive lobular carcinomas.

We found 46 associated findings in 36 patients (31.8%), such as nipple retraction, skin
thickening (focal or diffuse), edema, hematoma/blood and pre-contrast high ductal signal.
Invasion of the pectoral muscle, confirmed by histopathological analysis, was found in 5
(4.4%) patients, nipple invasion in 3 (2.6%) patients and skin invasion in 2 (1.8%) cases. Chest
wall invasion was seen in 1 (0.9%) patient, associated to pectoral muscle ingrowth and, in 2
(1.8%) cases, nipple, skin and pectoral muscle ingrowth were found together (Figures 2b, c,
d, 3b and 5a).

Lymphadenopathy
Lymph node metastasis was histologically reported in 57 patients. From these 57, 38.5%
were seen by imaging. In 5 cases, lymphadenopathy was seen both in MRI and US and in 3
cases it was seen in MRI, US and MMG simultaneously. Prevalence of lymphadenopathy did
not show significant differences according to proportion of the lobular component.

Additional Findings
Multifocality and multicentricity were found in 31 (27.4%) and 20 (17.7%) patients, respectively. Multiplicity was found in 19 cases (16.8%) and contralateral disease was seen in 14
(12.3%) patients (Figures 2c and 5b). Taking into account the proportion of the lobular
component, contralateral disease, multifocality and multicentricity had higher prevalence
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rates in patients with bigger lobular component (Table 2), but there was no statistical significance. Nevertheless, multiplicity was more likely to be found in patients with a bigger
lobular component (p = 0.021).

Size
At MMG and US, tumor size ranged from 4 to 6.0 cm (mean 1.78 cm) and on MRI tumor size
ranged from 2 to 9.4 cm (mean 2.50 cm). The sizes found on pathology ranged from 2 to
12.0 cm (mean 2.9 cm).

4

Discussion
Mammographic Findings
The characteristics of IDC and ILC have been extensively described in literature. The dispersed infiltrating growth pattern of ILC with very little desmoplastic reaction leads to less
frequent development of palpable lesions or tumors detectable in imaging exams. Normal
or benign findings are more common in ILC than in IDC (8 to 16% vs. 1.1%)2,7,26,36 and false
negative rates for ILC in MMG range from 14 to 19%.7,20,42
In the current study, we observed 15% (17/113) of normal or benign mammograms,
which might demonstrate a similar behavior to ILC. It was also interesting that patients with
tumors with ≥ 95% of lobular component had a higher prevalence of normal findings in
MMG than patients with ≤ 20% of lobular component (25 vs. 12%, respectively), but these
differences were not statistically significant.
ILC is usually seen as a mass (44 to 65% of the cases),9,43 having predominantly irregular
and spiculated margins (63 to 71%)43,44 and is usually isodense when compared to the fibroglandular tissue.7,9,45 These numbers were similar to our present findings. Mass was found in
54.8% of our sample and 62.9% of these masses were simultaneously irregular, spiculated
and isodense.
ILC spreading diffusely through the breast stroma leads to lower tendency to form round
and circumscribed masses, only seen in 1 to 3% of the cases of ILC.21 The lobular component
of ductolobular tumors might lead to a similar behavior and, in our study, circumscribed
masses were only found in 2.6% of our cases.
Architectural distortion was seen in 10.6% of the cases and asymmetries were found in
7.9% of the cases. Literature findings refers 10 to 16% of ILC cases manifesting as architectural distortion20,43 and 4 to 13% of the cases expressing as asymmetries.20,43 Our findings
are comparable to these ILC mammographic lesions. However, architectural distortion is
the second most common finding in ILC20,43 and architectural distortion was the third most
common radiological abnormality found in our study.

69

Chapter 4

It is well known that microcalcifications are much less common when comparing ILC and
other breast carcinomas (4 to 24% vs. 41%).21 The prevalence of microcalcifications in our
study was similar to the referred prevalence of these findings in ILC (11.5%).

Ultrasonographic Findings
US is considered more sensitive than MMG in detecting ILC. Literature reports sensitivities
ranging from 68 to 98%25,26 and this imaging modality is also more accurate in identifying
multifocality, multicentricity and size of the lesion.26 According to Kim and Butler, mass has
been described as being the most common finding at US in cases of ILC (60.5 to 100%) and
both authors agreed that an irregular, hypoechoic mass, with spiculated margins and posterior acoustic shadowing is the most ordinary pattern seen in US images of ILC.7,19 Our results
are consistent with these numbers. However, Kim et al. described US features of ILC and IDC
as being very similar, except for posterior acoustic features, which has been described as
being more related to ILC.7

MRI Findings
MRI has proven to have a high overall sensitivity (approximately 95%)36,46 and, in adjunct to
MMG and US, has an essential importance in diagnostic and staging of ILC. MRI has a moderate specificity (67.4%)47 and the routinely clinical use of this imaging modality might lead
to unnecessary procedures.37 However, in ILC, MRI is superior to other imaging modalities in
estimating tumor size, detecting multifocality, multicentricity, contralateral disease,27,32,35-37,40
and also affecting surgical management in 28% of the cases.36,48 Mass is considered the
most common manifestation of ILC at MRI and the incidence varies substantially (45 to
95%).7,35,39,48,49 Most of these studies have not described ILC findings in MRI strictly according
to the BI-RADS lexicon. However, Hye Na Jung and Kim found 92.0% and 88.8% of ILC cases
presented as mass-like lesion according to the BI-RADS.7,50 These findings are consistent
with our research (89.4% of the cases presenting as mass-like tumors).
In a literature review, Mann et al. described 85.5% (65/76) of ILC tumors presenting as an
irregular or spiculated mass.36 Our study had similar results and 91% (92/101) of the lesions
were described as irregular or spiculated masses. T1 and T2 features of lobular tumors are
not frequently mentioned in literature. Levrini reported 95.2% (20/21) of the cases of ILC
tumors being hypo and hyperintense lesions on T2-weighted images.51 Unfortunately all of
our patients underwent diagnostic procedures within 10 days before MRI. The hemorrhage,
edema and necrosis that result from these procedures may have changed T1 and/or T2
signal, which makes an accurate analysis more difficult.
Not many studies refer to the kinetic behavior of ILC. The infiltrative growth pattern of
these tumors seems not to require extensive neovascularization and the lack of endothelial growth factor found in lobular tumors turns the new vessels to grow more slowly and
having better maturation, resulting in less permeable capillaries.52 Some studies found ILC
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having delayed maximum enhancement and wash-out pattern was not observed in the
majority of tumors.53,54 These features might be due the histological behavior of ILC. Indeed,
the prevalence of plateau curve in our study was higher in groups of patients with higher
lobular component, and wash-out was more prevalent in groups of patients with lower
lobular component. However, these differences were not statistically significant.
More recent studies refer 70.3% to 95.2% of ILC lesions having wash-out pattern.7,51,55
Considering all available kinetic curves and not taking into account the proportion of the
lobular component, wash-out was the most common pattern in our analysis (61.2%), but
still lower than the numbers referred above. However, Mann at al. showed that when CADapplication was used to evaluate the kinetic curve of ILC and IDC lesions, wash-out pattern
had a very similar prevalence in both tumors, which was not the case for visual assessment.
In this latter case, IDC has a much higher prevalence of wash-out than ILC.55 The use of a
CAD-application software to obtain the kinetic curves in our study might be the explanation
for the higher wash-out pattern prevalence.

Lymphadenopathy
Arps et al. described IDC-L as having a higher frequency of nodal metastasis when compared to IDC and ILC (51 vs. 34 and 45%, respectively).5 A similar result was seen in our study
and lymph node metastasis was found in 50.4% of our sample (57/113), even though there
was no statistical significance between prevalence of lymphadenopathy and proportions of
lobular component.

Additional Findings
Since comprehensive studies about mixed tumors are missing in literature, it is difficult
to put our results into perspective. Arps et al. compared clinicopathologic features and
outcomes of 183 cases of IDC-L with lobular features with 1499 patients with IDC and 375
patients with ILC. The authors concluded that the clinicopathologic features and outcomes
of IDC-L and ILC are very similar, irrespective of the proportion of the lobular component.5
In our study, not only imaging characteristics did not vary significantly according to the
lobular component, but also multifocality, multicentricity, contralateral disease and the
proportions of lobular component did not show a statistically significant correlation.
However, the significant association between two or more of these additional findings
(multiplicity) and bigger lobular component (p = 0.021) is in line with the higher rates of
additional disease foci in patients with ILC.27,32,35-37,40

Conclusion
To our knowledge, this is the first study to exclusively describe radiological features of
invasive ductolobular carcinoma. These tumors typically present as an irregular, spiculated
and isodense mass at MMG, as a hypoechoic, irregular and spiculated mass with posterior
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acoustic shadowing on US, and as an isolated mass or as a dominant mass surrounded by
smaller masses or NMLE on MRI. Wash-out is the most ordinary kinetic pattern of these
tumors. Except for isodensity and multiplicity, the imaging characteristics did not vary significantly according to proportion of the lobular component. The imaging features and the
high incidence of additional malignant imaging findings of invasive ductolobular carcinoma
are, therefore, more similar to ILC than to IDC.
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Abstract
Early detection and diagnosis of breast cancer are essential for successful treatment. Currently mammography and ultrasound are the basic imaging techniques for the detection
and localization of breast tumors. The low sensitivity and specificity of these imaging tools
resulted in a demand for new imaging modalities and breast magnetic resonance imaging
(MRI) has become increasingly important in the detection and delineation of breast cancer
in daily practice. However, the clinical benefits of the use of preoperative MRI in women
with newly diagnosed breast cancer is still a matter of debate. The main additional diagnostic value of MRI relies on specific situations such as detecting multifocal, multicentric
or contralateral disease unrecognized on conventional assessment (particularly in patients
diagnosed with invasive lobular carcinoma), assessing the response to neoadjuvant chemotherapy, detection of cancer in dense breast tissue, recognition of an occult primary breast
cancer in patients presenting with cancer metastasis in axillary lymph nodes, among others.
Nevertheless, the development of new MRI technologies such as diffusion-weighted imaging (DWI), proton spectroscopy and higher field strength 7 tesla (T) imaging offer a new
perspective in providing additional information in breast abnormalities. We conducted an
expert literature review on the value of breast MRI in diagnosing and staging breast cancer,
as well as the future potentials of new MRI technologies.
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Introduction
Breast cancer is the most common malignant disease occurring in women worldwide with
a lifetime risk of 12.4%.1,2 Early detection and diagnosis of breast cancer are prerequisites
for successful treatment selection. Although mammography and ultrasound are the most
commonly imaging tools used for the detection and characterization of breast abnormalities, the relatively low sensitivity and specificity of these techniques (especially in patients
with dense breast tissue, with breast implants or postsurgical scar distortions)3-6 resulted in
a demand for new imaging modalities.
Contrast-enhanced magnetic resonance imaging (CE-MRI) with its high soft tissue contrast, multiplanar sectioning and three dimensional representation of the breast provides
high sensitivity (over 90%) in the detection of breast cancer. However, the specificity for
lesion characterization is still low to moderate (72%)7-19, turning the discrimination between
cancer and benign lesions into a challenge. The main additional diagnostic value of MRI
relies on (1) detecting foci of multifocal, multicentric or contralateral disease unrecognized
on conventional assessment (physical examination, mammography and ultrasound); (2)
recognition of invasive components in ductal carcinoma in situ (DCIS); (3) assessing the
response to neoadjuvant chemotherapy (NAC); (4) detecting an occult primary breast
cancer in patients presenting with metastatic cancer in axillary nodes; and (5) detection of
cancer in dense breast tissue.14,20-26 The development of new technologies has also resulted
in information gain concerning breast lesions. We reviewed the recent literature to clarify
the role of MRI in diagnosing and staging breast cancer with focus on the implementation
of new techniques, such as MR spectroscopy, diffusion-weighted imaging (DWI) and higher
field strength 7 tesla (T) imaging.

Methods
In this expert literature review, we conducted a literature search on Pubmed in papers
published between 1990 and 2013 using the keywords “breast”, “MRI”, “staging”, “spectroscopy”, “diffusion-weighted imaging” and “high field breast MRI”. Articles published in English
pertaining to adult humans with available abstracts were included. References of articles
were also included. First we present main guidelines on the use of MRI in diagnosing and
staging of breast cancer and, subsequently, we will discuss the new technologies currently
available for research.
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Results
Detection of additional disease
The main evidence in favor of MRI is based on the superior capability of this technique in
detecting ipsilateral and contralateral disease when compared to mammography and ultrasound (Figure 1).21,26,27 In a prospective trial, Schelfout et al. found that MRI detected 96% of
multifocal/multicentric disease, while mammography and ultrasound depicted only 28.6%
and 26.5%, respectively.26 Taking the histological types of breast cancer into account, invasive lobular carcinoma (responsible for 5 to 15% of all cases of invasive breast cancers)28-30 is
well known to have a higher incidence of multifocal, multicentric and contralateral disease
when compared to invasive ductal carcinoma. MRI is, therefore, particularly important in
the preoperative work-up and staging of these patients.7,11,12,30-32 In a recent retrospective
study, Menezes et al. also found a high incidence of multifocal, multicentric and contralateral disease in patients with mixed tumors containing different percentages of lobular
component.33 This might corroborate the hypothesis that MRI would also be valuable in
the work-up of patients with mixed breast tumors (Figure 2).33 MRI also has shown higher
accuracy in determining tumor size (correlated to histopathology) than ultrasound or mammography.26 However, some studies emphasize that MRI tends to overestimate lesion size,
particularly in patients diagnosed with invasive lobular carcinoma and DCIS.34-38

Figure 1. MRI scanner with closed bore magnet and a dedicated 8 channel phased-array breast coil (top right).
Technically any MRI scanner could be used in breast imaging acquisition. However, in daily practice, field
strengths of 1.5T and 3T are often used due to higher spatial resolution at similar temporal resolution, providing
better diagnostic efficacy.
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Figure 2. A 48-year-old woman, with positive family history for breast cancer, presented with a palpable lump
on the left breast, finally diagnosed as invasive ductolobular carcinoma. (a) Sagittal contrast-enhanced fat-suppressed T1-weighted gradient echo images obtained at 3T show a spiculated mass, with rim enhancement and
small satellite lesion (multifocal disease). (b and c) Color parametric enhancement map in axial post-contrast
maximum intensity projection and sagittal projection indicates predominantly a plateau enhancement behavior, with some areas of wash-out.

An additional value of MRI is the detection of invasive component in DCIS lesions. In a
retrospective study, Kim et al. concluded that MRI was more accurate for the detection and
assessment of the size of DCIS than mammography.35 In a prospective cohort, Hwang et al.
demonstrated MRI to be superior to mammography in detecting invasive components in
patients diagnosed with DCIS.22 MRI also showed a higher sensitivity and superior negative
predictive value for detection of residual DCIS.22 However, the small number of patients in
this study (51) might not be representative of a large population with DCIS. Further research
might be necessary in order to confirm the use of MRI in detecting invasive component in
DCIS.

Patients with an increased risk
MRI has an important role in screening high-risk patients. The American Cancer Society
Guidelines for the Early Detection of Cancer advices annual breast MRI beginning at the age
of 25 – 30 years in patients carrying a BRCA gene mutation, in women who are untested but
have a first-degree relative with a BRCA mutation and women with an approximately 20%
to 25% or greater lifetime risk of breast cancer.39-41 In a cohort of 496 women, Passaperuma
et al. concluded that MRI surveillance of women with BRCA mutations detects most breast
cancers at an early stage.42 Although the results of this study are promising, data on longerterm follow-up is needed in order to encourage MRI surveillance as a safe alternative to
prophylactic mastectomy. Likewise, patients diagnosed with breast cancer under the age of
50 have a 20% lifetime risk of recurrence (even after radiotherapy to the tumor bed following surgical approach).43,44 In these particular cases, the European Society of Breast Imaging
(EUSOBI) also recommends annual MRI screening.45

Patients with dense breast parenchyma
Additional MRI can be beneficial in patients with dense breast parenchyma. Mammography
has a high false negative rate in patients with dense breast tissue,46-49 and the sensitivity
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remains low in dense breasts (even when computer-aided detection is applied to digital
mammography).50 In a large multicenter study, Schnall et al. proved that MRI has superior
capability to detect additional occult cancer foci when compared to mammography, particularly in women with radiographically dense breasts and larger index cancers (18.0% vs.
7.2 %).51 Many other studies confirm that MRI has the highest diagnostic value when used
in patients with heterogeneous or extremely dense breast parenchyma.21,26,27 The EUSOBI
also advices the use of preoperative MRI in staging malignant lesions in patients with dense
breast tissue.45 MRI also has a substantial advantage in detecting breast lesions in scattered
fibroglandular breast parenchyma.20,52,53

Impact on treatment
Despite all advantages of MRI, there is no consistent evidence supporting the clinical
benefit of preoperative MRI for all patients with breast cancer. In the Preoperative MRI of
Nonpalpable Breast Tumors (MONET) trial, 418 patients with non-palpable BI-RADS 3-5 lesions were randomized to undergo either routine clinical care (211 patients) or standard
clinical care associated with CE-MRI (207 patients) prior to large core needle biopsy.54,55 In
total 74 patients had 83 malignant lesions in the MRI group and 75 patients had 80 malignant lesions in the control group. The choice of prioritizing non-palpable breast tumors
was based on the difficulty to determine the margins of a lesion that is neither palpable
nor visible during surgery. Thus, additional surgical intervention is often required in those
cases. The authors hypothesized that the use of CE-MRI of the breast would reduce the
need of additional surgical procedure (since MRI would add important three-dimensional
information about the lesion, it would be an important tool in defining tumor margins and
in detecting multifocal and multicentric disease).
Surprisingly the re-excision rate due to positive resection margins after breast conserving
therapy was even higher in the MRI group (34%) than in the control group (12%). Also the
rate of additional surgical interventions after initial breast conserving therapy was higher
in the MRI group than in the control group (45% vs. 28%), although significance was not
reached (p = 0.069). The Comparative Effectiveness of MRI in Breast Cancer (COMICE) trial
attempted to determine whether the addition of breast MRI in 1623 breast cancer patients
proven by triple assessment (clinical, radiological and pathological) would aid tumor localization and reduce re-operation rates. Patients were randomized to undergo or not MRI.
The results showed no difference in the re-operation rates between the study arms (18.8%
in patients who underwent MRI vs. 19.3% in patients who did not undergo MRI). The economic analysis of this trial showed no significant difference in cost-effectiveness between
the research arms. The addition of MRI to triple assessment did not reduce the re-operation
rates, and the use of MRI consumed extra resource with few benefits.56 Differently from the
MONET study, the COMICE trial included patients with breast cancer proved by biopsy and
most patients presented with palpable tumors. Both trials have a high level of evidence and,
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in both studies, the authors admonished the use of preoperative breast MRI as a routine
clinical care in patients with non-palpable breast cancer.55 Up to now, the results of these
randomized controlled trials discourage the standard use of preoperative MRI in all patients
with breast cancer.

Technological developments and ongoing research
Morphologic assessment can be a subjective task. It is strongly related to the experience of
the radiologist and it is vulnerable to interobserver variations (especially in small lesions and
non-mass-like lesions). An adjunct method which could provide a higher specificity would
be of value. The use of new available technologies, such as breast MR spectroscopy and DWI
is being verified in order to improve the accuracy and specificity of CE-MRI.57-60

Diffusion-weighted imaging (DWI)
DWI is a non-invasive MRI technique that measures the mobility of water molecules in tissue,
providing information such as cellular density, viscosity, membrane integrity, and tissue microstructure, without the need of contrast injection.58,61 DWI is able to differentiate between
tissue types based on the use of the apparent diffusion coefficient (ADC). Malignant breast
tumors usually have a higher cellularity and generally present with restricted water diffusion
and lower ADC values when compared to benign lesions.62,63
CE-MRI enables the assessment of morphological and kinetic patterns of benign and
malignant breast tumors, but has a low specificity and high false negative rates.17,64,65 The
use of DWI is being considered as a new approach in order to improve the sensitivity and
specificity of breast lesion characterization and may be incorporated into routine breast MRI
assessment of breast lesions. In a retrospective study, El Khouli et al. selected 93 women with
101 lesions (68 malignant tumors and 33 benign tumors) who underwent MRI using a 3T
magnet and both CE-MRI and DWI were performed. The association of DWI with ADC significantly improved the diagnostic performance and lesion characterization when compared
to conventional 3D T1-weighted and CE-MRI at 3T.66 In a study with 70 patients, Partridge et
al. showed that CE-MRI added to ADC criteria providing a superior positive predictive value
than CE-MRI alone (47 vs. 37%).67 Tan et al. analyzed 44 breast lesions (31 malignant and
13 benign) on 3T MRI. The cut-off ADC values for benign and malignant lesions were 1.21
× 10-3 mm2/s for b = 500 s/mm2 and 1.22 × 10-3 mm2/s for b = 1000 s/mm2, respectively.
Although the authors had a small sample size, the values obtained between ADC values
of benign and malignant lesions were significant (p < 0.001). The sensitivity of CE-MRI was
100% with a specificity of 66.7%. CE-MRI combined with b = 1000 s/mm2, showed a specificity of 100% and a sensitivity of 90.6%. There was no significant difference between ADC
values and prognostic factors.68 Marini et al. investigated 81 breast lesions. Considering a
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mean diffusivity threshold value of 1.1×10−3 mm2/s, malignant lesions were differentiated
from benign lesions with a sensitivity of 80% and specificity of 81%.69 A meta-analysis from
Chen et al. described 964 lesions (maximum b = 1000s/mm2, CI 95%, area under curve of
sROC 0.9085).70 ACD measurement of DWI showed a sensitivity and specificity of both 84%
to differentiate between benign and malignant lesions. DWI also has the advantage of not
requiring the use of intravenous contrast and the use of this technique could be an alternative to CE-MRI. For example, in a retrospective study with 118 breast lesions (12 DCIS, 15
invasive carcinomas end 91 benign lesions), 89% of malignant breast tumors were found to
be clearly hyperintense on DWI. ADC values helped in differentiating malignant from benign
lesions. In a study of Yabuuchi et al., the authors compared the detection of non-palpable
breast cancers in mammography, DWI and CE-MRI. DWI was significantly more accurate
than mammography, although it has shown to be not as accurate as CE-MRI.71
The use of DWI in patients with DCIS has also been described. Partridge et al. reported that
ADC values of DCIS were lower when compared to benign lesions and invasive carcinoma.72
Rahbar et al. found 96% of pure DCIS lesions to be hyperintense in DWI.73
Considering pre-treatment prediction of response to NAC in breast cancer patients,
results suggest DWI associated to ADC to be useful for predicting tumor response. Park et
al. performed DW-MRI (1.5 T, b values 0 and 750s/mm2) and CE-MRI of 53 invasive breast
cancers before and after chemotherapy prior to surgery. The percentage of ADC increase
in responders was bigger than in non-responders (p < 0.001), the best cut-off to differentiate responders from non-responders was 1.17 × 10−3 mm2/sec (sensitivity of 94% and a
specificity of 71%).74
Sharma et al. assessed the response of 56 patients with breast malignant lesions at four
different times, before and after three cycles of NAC. ADC has shown a statistically significant
change in volume and diameter in responders (sensitivity 68% and specificity 100%) and the
authors suggested ADC would be useful in predicting early tumor response.75 According to
Pickles et al., significant alterations on ADC could be observed even before changes in tumor size in patients undergoing chemotherapy. Therefore the authors suggested that DWI
might have the ability to provide indication of response to treatment, preceding changes
in tumor size.76

Proton spectroscopy
Spectroscopy is an additional non-invasive method that can provide chemical information
from a selected region in the body. In clinical practice, spectroscopy is used mainly for brain
applications and prostate cancer.77,78 Breast cancer spectroscopy is slightly behind that of
prostate in development and in determining the suitability of this technique for clinical
practice.
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In mammary gland area, total choline (tCho), or just choline (Cho), is considered the most
important metabolite in proton MR spectroscopy. Many different metabolites overlap and
contribute to the Cho peak, such as choline, phosphocoline, glycerophsphocoline, taurine
and myo-inositol, among others.79-81 The Cho peak is centered at 3.2 ppm.
Cholines are precursors of phospholipids which are components of cell membranes and
increased Cho signals are associated with increased cellular turnover.82-84
The use of breast MR spectroscopy to distinguish between benign and malignant lesions
(using elevated tCho level as an indicator of malignancy) can potentially improve the accuracy of an MRI scan by offering increased specificity. In a recent systematic review and
meta-analysis, Baltzer et al. included 19 studies with 1183 patients in order to evaluate the
diagnostic performance of spectroscopy in differentiating breast lesions in field strengths
of 1.5 and 3T. They found a high pooled specificity (88%) and sensitivity (73%). Higher field
strength, post-contrast acquisition or qualitative vs. quantitative MR spectroscopy had no
significant influence on the results.85 Katz-Brull et al. performed a similar meta-analysis and
found a combined sensitivity and specificity of 83% and 85%, respectively.86
In a study with 184 patients with breast cancer, Shin et al. showed that the use of absolute
tCho-containing compound peak integral, normalized tCho-containing compound integral,
and signal-to-noise ratio determined by spectroscopy could be valuable in differentiating
between IDC and DCIS. These same parameters could also be useful in determining tumor
aggressiveness.87
Many studies suggest measurements of tCho with breast spectroscopy to be useful to
monitor the response to NAC. In a recent study, Tozaki et al. concluded that changes in Cho
after NAC determined by 1H MR spectroscopy are more sensitive to predict the pathological
response than changes in the tumor size.81 Meisamy et al. used a 4T strength field to evaluate the concentration of tCho in patients diagnosed with breast cancer before NAC, within
24 hours after the first dose and after the fourth dose. Twenty-four hours after the first dose
there was a significant variation in concentration of tCho (compared to baseline) and this
change had a significant positive correlation with the change in lesion size (p = 0.001). The
change observed in tCho concentration after first dose of NAC was significantly different between responders and non-responders (p = 0.007).88 Jacobs et al. evaluated NAC response
using magnetic resonance spectroscopy, and ²³Na magnetic resonance. According to the
authors, multiparametric and multinuclear imaging parameters were reduced after the first
cycle of NAC in responders, specifically, Cho signal-to-noise ratio and sodium (p ≤ 0.01).89
To evaluate if applying DWI and spectroscopy together would help to improve the differentiation of breast lesions at 3T, Tsougos et al. selected 51 women with known breast
abnormalities (18 benign lesions and 33 malignant lesions). DWI and spectroscopy together
provided higher accuracy and higher specificity for the differentiation between malignant
and benign lesions when compared to these techniques used separately.90
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High field breast MRI at 7T
Recently, high-field MRI at 7T has become available for research. 7T MRI has an inherent
advantage over lower field’s strengths and is, therefore, able to provide better signal-tonoise ratio, improve morphology assessment of breast lesions and increase the modality’s
sensitivity and specificity (Figure 3).57,59,60 However, there are limitations in the use of 7T.
Higher magnetic field results in longer T1 relaxation time, shorter T2* decay time, greater
radiofrequency, specific absorption rate, and increased B1+ field inhomogeneity. Nevertheless, some studies indicate that these disadvantages can be overcome.
Stehouwer et al. observed 7T images in 20 patients with 23 suspicious breast lesions. The
radiologists correctly identified all malignant tumors (BI-RADS 4 or 5) and in most cases
image quality was considered good or excellent by both radiologists.60
Field strength is considered an important factor affecting sensibility of spectroscopy. Particularly, 7T is expected to provide increased signal-to-noise ratio and achieve more accurate
information between closely overlapping resonances in the spectral domain.57,59,60,91,92 In a
recent study, Korteweg et al. selected 3 patients who received NAC and tried to establish

Figure 3. 62-year-old patient with nipple withdrawal, finally diagnosed as ductolobular carcinoma. (a, b and c)
Axial T1-weighted gradient-echo images obtained at 7T before and after contrast injection. An irregular mass
with spiculated margins can be observed on pre-contrast imaging (a). Intense homogeneous enhancement
(b) and a rapid wash-out kinetic curve (d) can be observed following contrast administration. In figure c, an
ultra-high resolution T1-weighted gradient-echo sequence with fat suppression was performed, and the morphological aspects of the lesion can be more clearly seen.
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if DWI and spectroscopy could provide diagnostic information in breast cancer patients.
One of the patients had nonspecific reaction to NAC and, during the whole NAC course,
an increment of values of ADC was observed, suggesting either tumor responsiveness or
cystic development/tumoral necrosis. In addition, a decrease in Cho concentration during
NAC cycles was reported, which could also mean responsiveness of the tumor. After the last
NAC course, Cho concentrations and tumor size increased, suggesting acquired resistance
to treatment. Pathology assessment confirmed this hypothesis. A second patient had no
visible index lesion on 3T or at 7T and Cho was undetectable on both examinations. No
tumor was observed in pathologic analysis, which is suggestive that NAC was effective.
Even low Cho levels (0.77 mMol/Kgwater) were detected, suggesting high sensitivity of 7T
in detecting alterations in Cho Metabolism.91 7T MRI is still in its early stages and studies with
larger number of patients are required on order to confirm these results and check clinical
applications.

Conclusion
To date, preoperative MRI is indicated in defined groups of patients in which a potential
benefit of local staging is expected, i.e., women with mammographically heterogeneous
or extremely dense breasts, at high risk for breast cancer, diagnosed with invasive lobular
carcinoma and/or with multifocal, multicentric or contralateral disease.39,93,94 These recommendations are based on high-quality randomized controlled trials with narrow confidence
intervals and on The American Cancer Society Guidelines for the Early Detection of Cancer
and on the Guidelines from the European Breast Imaging Society.45,55,56,94 MR spectroscopy,
DWI and 7T MRI of the breast are promising, but the clinical value of these techniques still
remains unclear mostly due to the fact that the number of studies investigating these techniques is small and they are still in early stage. Larger studies with more statistical power are
necessary to confirm the clinical value and the cost-benefit of these new modalities.
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Abstract
Purpose
The aim of this study is to compare the current state of lesion identification, the BI-RADS
classification and the contrast-enhancement behavior at 7T and 3T breast MRI in the same
patient group.

Materials and Methods
Twenty-seven patients with thirty suspicious lesions were selected for this prospective
study and underwent both 7T and 3T MRI. All examinations were rated by two radiologists
(R1 and R2) independently on image quality, lesion identification and BI-RADS classification. We assessed sensitivity, specificity, NPV and PPV, observer agreement, lesion sizes, and
contrast-enhancement-to-noise ratios (CENRs) of mass lesions.

Results
Fifteen of seventeen histopathological proven malignant lesions were detected at both field
strengths. Image quality of the dynamic series was good at 7T, and excellent at 3T (p = 0.001
for R1 and p = 0.88 for R2). R1 found higher rates of specificity, NPV and PPV at 7T when
compared to 3T, while R2 found the same results for sensitivity, specificity, NPV and PPV for
both field strengths. The observers showed excellent agreement for BI-RADS categories at
7T (κ = 0.86) and 3T (κ = 0.93). CENRs were higher at 7T (p = 0.015). Lesion sizes were bigger
at 7T according to R2 (p = 0.039).

Conclusions
Our comparison study shows that 7T MRI allows BI-RADS conform analysis. Technical improvements, such as acquisition of T2-weighted sequences and adjustment of B1+ field
inhomogeneity, are still necessary to allow clinical use of 7T breast MRI.
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Introduction
Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) of the breast has
become a well-established imaging method for detection of breast carcinomas, and an
increased use of 1.5 tesla (T) and 3T DCE-MRI systems has been observed over the past
decades. Compared to conventional mammography and ultrasound, DCE-MRI is more
accurate in detecting multifocal, multicentric and contralateral disease, in assessing the
response to neoadjuvant chemotherapy and in providing preoperative staging.1 When
compared to 1.5T, a higher field strength (3T) showed to have increased signal-to-noise
ratio (SNR), higher spatial and temporal resolution.2,3 The 3T field also showed differential
effects on T1 relaxation times of non-enhancing compared to gadolinium-enhancing tissue, which results in better contrast resolution of the enhancing lesions.2-4 Recently, there
has been a growing interest in investigating the potential role of 7T MRI in breast cancer
diagnosis and management.5-8 Moving to 7T not only increases SNR 9,10 (and also spatial
resolution),11 but also brings a greater spectral dispersion, significantly improving magnetic
resonance spectroscopy (MRS).12 Considering these new possibilities, the focus of breast
imaging research at 7T is not only improving morphology assessment of breast lesions, but
also moving towards obtaining metabolic and cellular information.12-14
There are also drawbacks of 7T, such as a greater heterogeneity of the static magnetic field
(B0) and of the applied RF field (B1+). Furthermore, breast coils had to be developed since
none were commercially available a decade ago when 7T became available for whole-body
imaging. In literature the first attempt to perform DCE-MRI breast imaging at 7T was made
by Umutu et al. using a single loop coil, showing the complexity of ultra-high field breast
MRI. Only moderate image quality was achieved when using this coil.5 Subsequent improvements in hardware and imaging strategies have led to an improved image quality and
showed that 7T breast MRI is amenable to BI-RADS lexicon conform analysis.6,15 Nowadays,
the first bilateral set-ups are available, which illustrates the evolution of 7T towards clinical usage.7,15-18 Apart from the new contrast mechanisms available at 7T, such as chemical
exchange saturation transfer (CEST) and 31phosphorous magnetic resonance spectroscopy
(31P-MRS), the conventional breast MRI still needs to at least offer comparable imaging
results to the current clinical standard of 3T imaging to maintain good medical care.
Comparisons of 7T versus breast imaging at lower field strengths are scarce. So far, studies
with healthy volunteers imaged using T1-weighted (T1w) non contrast-enhanced imaging
presented similar or better results for 7T. The 7T images showed increased SNR, better fatwater contrast measures and better objective image quality scores.5,10,16 In a patient setting,
using DCE-MRI, comparisons between 7T and 3T fields have been made only in one patient
case,15 and in one patient study.10 These papers suggest that DCE-MRI at 7T is technically feasible,15 and it can provide a high sensitivity and specificity using high temporal and spatial
resolution imaging.10
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The aim of this study is to compare the current state of lesion identification and BI-RADS
classification at DCE-MRI at 7T and 3T in the same patient group.

Materials and Methods
Study population
The study population consisted of two groups. The first group consisted of female patients
selected from a previously initialized 7T breast MRI feasibility study.6 These patients also underwent 3T MRI scan for clinical indications. The second group consisted of female patients
who underwent both 3T and 7T MRI for the purpose of intra-individual comparison. In both
groups the inclusion criteria were the same: women whose age was ≥18 years and with
a suspicious breast lesion (BI-RADS 4 or 5) detected on conventional imaging. Exclusion
criteria for both studies were: age <18 years, a history of surgery or radiotherapy on the
ipsilateral breast, a Karnofsky score <70, pregnancy or lactation, and contra-indications to
either MRI or administration of a gadolinium-based contrast agent.
Examinations at 7T and 3T were performed on separate days due to the administration of
the contrast agent. In premenopausal patients, MRI was performed between days 6 and 13
of the menstrual cycle.
Both prospective studies were approved by the Institutional Review Board of the University Medical Center Utrecht, the Netherlands. Written informed consent was obtained from
all patients before participation.

Data acquisition
The 7T scans were performed on a whole-body scanner (Philips Healthcare, Cleveland,
OH, USA). A unilateral two-channel6,11,15 transmit/receive breast coil (MR Coils, Drunen, the
Netherlands) was used for the first group. A bilateral four-channel19 coil (MR Coils, Drunen,
the Netherlands) was used for the second group. The scan protocol included DCE (dynamic
contrast-enhanced) imaging and an ultra-high resolution sequence. The DCE series was
constructed using conventional imaging parameters comparable to 3T MRI. They consisted
of seven consecutive 3D T1w gradient echo (GRE) sequences with fat suppression [TR/TE
5/2 ms, binomial nominal flip angle (FA) 15°, FOV 160 × 160 × 160/350 (unilateral/bilateral)
mm3, acquired resolution 1 × 1 × 2 mm3, temporal resolution 63/67 s], with the administration of 0.1 mmol/kg gadobutrol (Gd, Bayer Schering Pharma AG, Berlin, Germany). Ultra-high
resolution imaging was performed using a T1w 3D GRE sequence with spectrally selective
adiabatic inversion recovery (SPAIR) fat suppression [TR/TE/TI 7.0/2.9/120 ms, FA 12°, FOV
120 × 120 × 120/350 mm3, acquired resolution 0.5 mm isotropic].
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For the first patient group, the 3T scans were performed on a whole-body scanner (Philips
Healthcare, Best, the Netherlands), using a dedicated seven-channel receive-only breast coil
(MRI devices, Würzburg, Germany). We used the hospital’s clinical tumor detection and staging protocol. This protocol included a T2-weighted (T2w) sequence, DCE imaging, and a high
resolution sequence. The dynamic series consisted of six consecutive 3D T1w GRE sequences
with SPAIR fat suppression [TR/TE/TI 3.1/1.17/90 ms, FA 10°, FOV 360 × 360 × 150 mm3, acquired resolution 1.1 × 1.1 × 2.4 mm3, temporal resolution 60 s], and with the administration
of 0.1 mmol/kg gadobutrol. High resolution imaging was performed directly following the
dynamic series [TR/TE/TI 4.5/1.67/90 ms, FA 10°, FOV 360 × 380 × 180, acquired resolution
0.65 × 0.65 × 2.00 mm3]. For the second patient group the protocol remained the same,
except for the 3T dynamic series that was updated to obtain an acquired resolution of
0.9 × 0.92 × 1.80 mm3. Therefore, the previous high resolution sequence was discarded.

Image analysis
Two observers (R1 and R2) independently rated all examinations. R1 was a breast radiologist
with 8 years of experience in breast MRI, and R2 a radiologist with 3 years of experience.
Both observers were blinded for the histopathological results.
We performed imaging analysis with Aegis breast software (Hologic Inc. MA), which
enabled the observers to assess kinetic curve information and to use a color-coded overlay
showing the different levels of initial and late enhancement. For the first group (with unilateral 7T images), the breast of interest was pointed out to the observers when assessing the
3T examination (for fair comparison).
First, image quality was rated for the dynamic series on a 5-point scale based on the
following:
1. Excellent: no or hardly perceivable signal intensity variations across the field of view, i.e.
homogeneous B1+ field, no or only mild artifacts, homogeneous fat suppression, and
high visual SNR.
2. Good: mild heterogeneity changes in signal intensity across the field of view, e.g. mild
gradual signal decrease from nipple towards chest wall, mild artifacts, mild inhomogeneity in fat suppression and high visual SNR.
3. Moderate: moderate B1+ inhomogeneity and/or moderate presence of artifacts and/or
moderate inhomogeneous fat suppression and a high visual SNR.
4. Poor: insufficient signal intensity homogeneity, with substantial signal intensity variations across the field of view and/or substantial image degradation due to artifacts, substantial inhomogeneity of fat suppression and/or a low visual SNR.
5. Non-diagnostic: insufficient quality for diagnosis because of insufficient signal homogeneity or a complete loss of signal intensity in parts of the FOV owing to severe artifacts,
severe inhomogeneity of fat suppression and/or poor visual SNR.
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Second, all identified lesions were classified according to the first edition of the BI-RADS
lexicon (2003) as proposed by the American College of Radiology.20 The maximal diameter
of the identified mass lesions was measured.
Lastly, contrast-enhancement-to-noise ratios (CENRs) were calculated for mass lesions.
Calculations were conducted by comparing the ratio of the signal intensity of the lesions
and the standard deviation of the signal in a homogenous area of tissue adjacent to the
lesion. This comparison was made between the pre and post-contrast administration images,15 resulting in a measurement that showed the lesion conspicuity.

Statistics
Analyses were performed on a per examination basis. Image quality scores of both field
strengths were compared using the Wilcoxon matched pairs signed rank test. Sensitivity,
specificity, negative predictive value (NPV), and positive predictive value (PPV) with 95%
confidence intervals (CI) were calculated using dichotomized classification scores (lesions
classified as BI-RADS 1 – 3 were considered benign, and the ones classified as 4 – 5 were
considered malignant). The same scores were used to calculate inter-reader agreement of
BI-RADS classification assessed with κ statistics. Histopathology was the reference standard.
Sizes of malignant masses and CENRs were compared between field strengths using Wilcoxon matched pairs signed rank test. All analyses were performed using SPSS 20.0 (IBM
Corp., NY, USA).

Results
Study population
Thirty breast lesions were reported in 27 patients. All lesions were detected on conventional
imaging, and were classified as BI-RADS 4 (n = 21) and BI-RADS 5 (n = 9). The mean age of
the included patients was 55 years (SD 8, range 32 – 74 years). Of the 30 index lesions, 17
were histopathologically malignant, and 13 were benign (Table 1).
In 8 patients the 7T scan was conducted using a unilateral breast coil and in 19 using a
bilateral breast coil. Fifteen women were postmenopausal. The remaining 11 patients were
imaged with a mean of 3.4 days between examinations.
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Table 1. Characteristics of the 27 included patients with 30 suspicious breast lesions detected on conventional
breast imaging
Characteristics
Age (years)

a

mean: 55 (SD: 8, range: 32-74)

Presentation on conventional imaging
Mass
Calcifications
Mass + calcifications
Architectural distortion
Architectural distortion + calcifications

15 (50%)
11 (37%)
1 (3%)
1 (3%)
2 (7%)

Lesion size on conventional imaging (mm)

mean: 19 (SD: 9, range: 7-39)a

BI-RADS category on conventional imaging per patient
4
5

21 (70%)
9 (30%)

Histological type
Malignant
Invasive ductal carcinoma
Invasive lobular carcinoma
Invasive ductulolobular carcinoma
Ductal carcinoma in situ with invasive component
Ductal carcinoma in situ
Non-malignant
Columnar cell lesion
Radial scar lesion
Atypical ductal hyperplasia
Cyst
Hamartoma
Fibroadenoma
Apocrine metaplasia
Fibrocystic changes
Sclerosing adenosis

17 (57%)
5
1
7
2
2
13 (43%)
2
1
1
1
1
2
2
2
1

6

Lesion size of the 15 mass lesions.

Image assessment
Both observers detected, at both field strengths, 15 of 17 malignant index lesions. Both observers classified 11 lesions as mass, 2 as non-mass-like enhancement and 2 as architectural
distortions without enhancement. One pure DCIS and one IDC were not detected at either
field strength. The detected malignant index lesions and BI-RADS descriptors are presented
in Table 2. The table also illustrates the similarities and differences in ratings between fieldstrengths for both observers. Figure 1 shows one example of a patient with a malignant
lesion. All patients and identified lesions are presented in Table 3 (with their respective
BI-RADS classification and histopathological results).
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Table 2. Histopathological proven malignant index lesions descriptors at both field strengths
Case
1

2

3

4

5

6

7

9

18

23

25

Field

Shape

Margin

Enhancement

Initial rise

7T

Irregular

Spiculated

Heterogeneous /
homogeneous

Rapid

Wash-out

5

3Ta

Irregular

Spiculated

Rim / heterogeneous

Rapid

Wash-out

5

7T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

3Ta

Irregular

Spiculated

Heterogeneous /
homogeneous

Rapid / medium

Plateau

5/4

7T

Irregular

Spiculated / irregular

Heterogeneous

Rapid

Wash-out

5

3Ta

Irregular

Irregular

Heterogeneous

Rapid

Wash-out

5

7T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

3Ta

Irregular

Spiculated

Rim enhancement

Rapid

Wash-out

5

7T

Irregular

Spiculated / irregular

Heterogeneous

Rapid

Wash-out

5

3Ta

Irregular / oval

Spiculated

Heterogeneous / rim

Rapid

Wash-out

5

7T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

3T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

7T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

3T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

7T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

3T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

7T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

3T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

7T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

3T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

7T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

3T

Irregular

Spiculated

Heterogeneous

Rapid

Wash-out

5

Non-mass-like enhancement distribution
14

22

Internal enhancement

a

Category

7T

Segmental / ductal

Clumped

4/5

3T

Segmental / ductal

Clumped

4/5

7T

Segmental

Heterogeneous

4

3T

Segmental

Heterogeneous

4

Architectural distortion
26b

Delayed phase Category

Category

7T

Architectural distortion

No enhancement

4

3T

Architectural distortion

No enhancement

4

Ratings by R1 and R2. In case of a discrepancy between observers, both ratings are displayed separated by a
slash. In case of a discrepancy between field strengths the case is marked with superscript.
b
Two malignant lesions in the same patient were described as architectural distortions.
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Figure 1. 7T (a – c) and 3T (d, e) MRI images of a 67-year-old patient with an invasive lobular carcinoma in her
right breast. Transverse image of 2nd post-contrast-injection series (a, d) shows an irregular mass lesion with
spiculated margins (arrows) on both field strengths. Inset shows zoomed-in image. Ultra-high resolution 7T image of the same slice (b). The kinetic curve assessment showed an initial rapid rise and wash-out pattern in the
delayed phase on both field strengths (c, e). Both observers rated the lesion as BI-RADS 5.
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106

No lesion

Non-mass

No lesion

Mass

Mass 2x + non-mass

Mass + non-mass

Non-mass

No lesion

13

14

15

16

17

18

19

20

Mass

Architectural distortion 2x

No lesion

25

26

27

2

4

5

2

5

4

2

1

4

5

3

2

1

4

2

3

3

1

5

4

5

5

5

5

5

5

5

BI-RADS

2

No lesion

5

2

5

4

2

2

3

5

2

3

2

5

2

4

2

2

5

4

5

5

5

5

5

5

5

BI-RADS

4

Mass

No lesion

Mass

Non-mass

No lesion

No lesion

Non-mass

Mass

Mass 2x

Mass 2x

No lesion

Non-mass

No lesion

Non-mass

Non-mass

No lesion

Mass + non-mass

Mass

Mass

Mass

Mass

Mass

Mass + non-mass

Mass

Mass

R2-7T

Architectural distortion 2x

Additional findings are marked in italic.

Mass

No lesion

23

24

No lesion

Mass

Non-mass

No lesion

11

12

21

No lesion

10

22

Mass

Mass

7

Mass + satellite

Mass

8

Mass + satellite

5

6

9

Mass

Mass

3

4

Mass

Mass

1

2

R1-7T

Case

No lesion

Architectural distortion 2x

Mass

No lesion

Mass

Non-mass

No lesion

No lesion

Mass + Non-mass

2x Mass

2x Mass

No lesion

Non-mass

Non-mass

No lesion

Non-mass

Non-mass

No lesion

Mass + non-mass

Mass

Mass

Mass

Mass

Mass

Mass

Mass

Mass

R1-3T

2

4

5

2

5

4

2

2

4

5

3

2

3

4

1

4

3

1

5

4

5

5

5

5

5

5

5

BI-RADS

No lesion

Architectural distortion 2x

Mass

No lesion

Mass

Non-mass

No lesion

No lesion

Non-mass 2x

Mass

Mass 2x

Mass 2x

No lesion

Non-mass

No lesion

Mass

Non-mass

No lesion

Mass

Mass

Mass

Mass

Mass

Mass

Mass + non-mass

Mass

Mass

R2-3T

2

4

5

2

5

4

2

2

3

5

3

3

2

5

2

5

3

2

5

5

5

5

5

5

5

4

5

BI-RADS

Table 3. Identified mass and non-mass-like enhancement lesions at 7T and 3T plus BI-RADS classification and pathology results

Fibroadenoma

IDC + IDLC

IDC

IDC

DCIS

DCIS + invasive component

Sclerosing adenosis

Columnar cell lesion + ADH

Columnar cell lesion

ILC

Fibrocystic changes + fibroadenoma

Apocrine metaplasia

Hamartoma

DCIS + invasive component

DCIS

Fibrocystic changes

Cyst

Apocrine metaplasia

IDLC

Radial scar lesion

IDLC

IDC

IDC

IDLC

IDLC

IDLC

IDLC

Pathology
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In 3 of the 13 non-malignant lesions, a BI-RADS 4 or higher was rated at one or both field
strengths. In case number 8 (Table 3), a radial scar lesion was rated as BI-RADS 4 or 5 by both
observers at both field strengths. In case number 12, R1 identified a non-mass-like enhancement at 3T (rated as BI-RADS 4). The same lesion was not identified by this observer at 7T. R2
identified a non-mass-like enhancement at 7T (BI-RADS 4), and a mass lesion at 3T (BI-RADS
5). In case number 19, R1 identified a non-mass-like enhancement lesion at 7T (BI-RADS 4),
and a mass and non-mass-like enhancement at 3T (also rated as BI-RADS 4). R2 identified
non-mass-like enhancement at both field strengths and classified both as BI-RADS 3. The
remaining 10 cases with proven benign index lesions had examinations that were correctly
classified as benign at both field strengths. Figure 2 shows an example of a benign lesion.

6

Figure 2. 7T (a, b, d) and 3T (c, e) MRI images of a 65-year-old patient. The depicted lesion in her right breast was
diagnosed as fibrocystic changes after biopsy. Sagittal images of 2nd post-contrast injection series (a, c) show
a lobular lesion (arrow) with irregular (R1 at 3T) or smooth margins (R1 at 7T and R2 at 3T and 7T). Inset shows
zoomed-in image. Ultra-high resolution 7T image of the same slice (b). The kinetic curve assessment at 7T shows
a rapid rise and persistent pattern in the delayed phase (d), and at 3T a rapid rise and plateau pattern (e). R1
classified the lesion as BI-RADS 3, and R2 as BI-RADS 3 (3T) and BI-RADS 2 (7T).
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Table 3 also shows that a number of additional findings were made independently of the
index lesions. These findings (in italic) occurred in five cases, and were all classified as benign. Figure 3 shows an example of benign additional finding (periductal enhancement),
classified as BI-RADS 1 – 3 by both observers. The final histopathological analysis showed a
cyst.

Figure 3. 7T (a, b) and 3T (c, d) MRI results of a 47-year-old patient with a history of inverted nipples. The biopsied index lesion in the right breast showed to be a cyst. Transverse image of 2nd post-contrast injection series
(a, c). 7T MRI sagittal slice of high resolution imaging (b), sagittal slice of 3T dynamic series at approximately
the same location (d). At 7T MRI, diffuse non-mass-like enhancement was identified by R2, while R1 identified
periductal enhancement (arrow). At 3T MRI, a focal non-mass-like enhancement was identified by R1 (circle), and
multiple regions of non-mass-like enhancement were seen by R2. The observers rate the images BI-RADS 3 for
3T MRI, and BI-RADS 3 (R1) and 2 (R2) for 7T MRI.

According to the first observer (R1), the mean image quality score was 2.14 ± 0.82 for 7T
images, and 1.37 ± 0.49 for 3T. The second observer (R2) scored image quality as 1.96 ± 0.65
for 7T, and 1.70 ± 0.60 for 3T (p = 0.001 for R1, and p = 0.88 for R2). Image quality scores were
also calculated considering only the scans performed with the bilateral coil. We had similar
results: R1 rated the image quality of the dynamic series significantly better at 3T (p = 0.021),
and R2 saw no significant difference between fields (p = 0.132). Image quality scores are
presented in Table 4.
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Table 4. Image quality assessment of the 27 dynamic series rated by R1 and R2 at both field strengths
R1*

R2

Image quality

7T

3T

7T

3T

Excellent

7

Good

9

17

6

10

10

16

15

Moderate
Poor

11

0

5

2

0

0

0

Non-diagnostic

0

0

0

0

0

* <0.05 Wilcoxon matched pairs signed rank test.

Table 5 shows sensitivity, specificity, NPV and PPV (with 95% CI) at 3T and 7T for both observers. The rates were calculated for the 19 patients with bilateral coil and for the total number
of patients (27).

6

Table 5. Sensitivity, specificity, NPV and PPV at 3T and 7T for both observers (R1 and R2)
R1 unilateral + bilateral coil (n=27)a
Sensitivity

Specificity

PPV

NPV

3T

88% (CI 0.62 – 0.98)

77% (CI 0.46 – 0.94)

83% (CI 0.58 – 0.96)

83% (CI 0.51 – 0.97)

7T

88% (CI 0.62 – 0.98)

85% (CI 0.54 – 0.97)

88% (CI 0.62 – 0.98)

85% (CI 0.54 – 0.97)

R1 bilateral coil (n=19)b
Sensitivity

Specificity

PPV

NPV

3T

80% (CI 0.44 – 0.96)

83% (CI 0.51 – 0.97)

80% (CI 0.44 – 0.96)

83% (CI 0.51 – 0.97)

7T

80% (CI 0.44 – 0.96)

92% (CI 0.60 – 0.99)

89% (CI 0.51 – 0.99)

85% (CI 0.54 – 0.97)

R2 unilateral + bilateral coil (n=27)a
Sensitivity

Specificity

PPV

NPV

3T

88% (CI 0.62 – 0.98)

85% (CI 0.54 – 0.97)

88% (CI 0.62 – 0.98)

85% (CI 0.54 – 0.97)

7T

88% (CI 0.62 – 0.98)

85% (CI 0.54 – 0.97)

88% (CI 0.62 – 0.98)

85% (CI 0.54 – 0.97)

Specificity

PPV

NPV

R2 bilateral coil (n=19)b
Sensitivity

a
b

3T

80% (CI 0.44 – 0.96)

92% (CI 0.6 – 0.99)

89% (CI 0.51 – 0.99)

85% (CI 0.54 – 0.97)

7T

80% (CI 0.44 – 0.96)

92% (CI 0.6 – 0.99)

89% (CI 0.51 – 0.99)

85% (CI 0.54 – 0.97)

Scans performed using both coils.
Scans performed using only the bilateral coil.
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Inter-observer agreement for BI-RADS assessment categories was excellent in both 7T
(κ = 0.93 and p = 0.0001) and 3T (κ = 0.86 and p = 0.0001).
The 11 malignant mass lesions had a mean size of 31 mm at 7T MRI according to R1 (SD 18,
range 16 – 95) and a mean size of 28 mm at 3T MRI (SD 23, range 10 – 95). For R2 the mean
size at 7T was 28 mm (SD 16, range 15 – 72), and at 3T was 24 mm (SD 13, range 12 – 58).
The differences between field strengths were not statistically significant for R1 (p = 0.864),
but according to R2 lesions sizes were significantly bigger at 7T (p = 0.039). Figure 4 shows
a patient case in which the size of the tumor was much more clearly depicted at 7T when
compared to 3T. CENRs measurements of the malignant mass lesions showed to be significantly higher at 7T (p = 0.015) with a mean of 2.8 (SD 1.0, range 1.4 – 4.6), compared to 2.0
at 3T (SD 0.6, range 1.2 – 3.4).

Figure 4. 7T (a) and 3T (b) images of a 52-year-old patient diagnosed with a ductal carcinoma in her right
breast. The morphological characteristics, the size and the borders of the lesion are more clearly depicted in
ultra-high resolution 7T image (a) when compared to 3T images (b). This variation in tumor size has an impact
in both staging and treatment of breast tumors. Both observers agreed on the sizes of the lesion.
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Discussion
The performance in this study of both 7T and 3T DCE-MRI (using conventional imaging
parameters) is conform literature.1 Sensitivity, specificity, NPV and PPV were equal at both
field strengths for R2. However, R1 achieved higher specificity, NPV and PPV rates at 7T (considering both coils and only bilateral coil). These results could be related to the simultaneous high spatial and temporal resolution provided at 7T when compared to the resolution
obtained at 3T. Our findings may be somewhat limited by the small sample size, though
similar results have previously been described. Gruber et al. had similar outcomes to ours.
The authors compared bilateral DCE-MRI of the breast at 3T and 7T in 24 patients and the
results showed higher sensitivity, PPV and NPV at 7T. They attributed these results to high
temporal and spatial resolution provided at the ultra-high magnetic field.17
In prospective studies, Pinker et al. and Kuhl et al. analyzed the trade-off between temporal and spatial resolution in dynamic post-contrast bilateral MR imaging of the breast. Both
authors concluded that, at lower field strengths, the SNR is not sufficient to acquire images
at higher spatial resolution, even when applying acceleration techniques to characterize
the breast lesions.21,22 Recently, van den Bank et al. hypothesized that the necessary gain in
SNR could be obtained at 7T field, while acceleration could be obtained with high-density
receiver coil arrays. Using a unilateral 30-channel receive-only element breast coil (combined with a dual-channel transmit coil) the authors concluded that the high density of
receive coil elements allowed high temporal and spatial resolution DCE-MRI of breast at 7T,
associated with less DWI distortion.11
The ultra-high resolution imaging at 7T performed in our study allowed better morphological characterizations of malignant breast tumors when compared to 3T, as illustrated
in Figures 1 and 4. In Figure 4, the dimensions of the lesion are more clearly depicted in
ultra-high resolution 7T images when compared to 3T. At 3T, the spiculated lesion would be
classified as a T1 (tumor is less than 2 cm) and at 7T it would be classified as T2 (between 2
and 5 cm). This difference upgrades the cancer from stage I to stage II, which results in an
impact in treatment and, ultimately, in prognosis.
The image quality for the dynamic series at 7T was overall rated good by both observers.
Even though R1 achieved higher specificity, PPV and NPV rates at 7T, the same observer
rated the image quality of the dynamic series at 3T significantly better, which indicates that
there is still room for improvement. Current technical developments, such as dynamic B0
field monitoring and correction,23 and RF pulses designed to compensate the linear decreasing B1+ field24 may improve the image quality at 7T. As an example, Boer et al. developed
a simple field probe that proved to be useful to monitor temporal B0 field variations. The
acquired temporal B0 field information could drive a dynamic module to correct the B0
magnetic field in real time.23 In a recent study, van Kalleveen et al. were able to compensate
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the inhomogeneous B1+ field (while keeping the specific absorption rate low) by applying
tilt optimized flip uniformity RF pulses to the breast surface coil.24
Brown et al. performed two studies in healthy volunteers, and the results showed equal
image quality for non-contrast-enhanced T1w imaging at 7T and 3T MRI.10,18 In these studies,
SPAIR was used as fat suppression technique, which is less prone to B0 field inhomogeneities
than a binomial RF pulse. However, SPAIR is incompatible with optimal dynamic imaging at
7T due to specific absorption rate (SAR) limitations. Other fat suppression techniques (such
as a DIXON-based method) could be investigated for 7T dynamic imaging25 since it showed
promising results at 3T MRI and is less sensitive to B0 distortions.26
In vitro research showed that gadolinium based contrast agents are slightly less effective
at 7T compared to 3T.27 However, our results showed a higher CENRs at 7T, and Gruber et al.
also reported a non-significant difference in relative signal-enhancement between 3T and
7T.17 It can thus be suggested that, with adequate T1 weighting and the high SNR available
at 7T, the effectiveness of the contrast agent is (more than) sufficient. With the higher CENRs,
all invasive mass lesions were conspicuous at 7T.
To our knowledge this is the second cohort study to compare dynamic contrast-enhanced
breast MRI at 7T and 3T. This is a relatively new subject, therefore we decided to present all
information obtained in unilateral and bilateral coils. The use of a unilateral breast coil at 7T
in the first 8 patients was subsequently replaced by a bilateral breast coil. This transition was
a step forward towards clinical usage. However, further improvements are still necessary.
By including multiple receiver elements in the bilateral coil,16 imaging with a high spatial
and temporal resolution can be combined with the use of parallel imaging techniques. As
mentioned previously, the feasibility of the implementation of a multiple receiver array has
been shown by van den Bank et al. using a unilateral breast coil11 and recently by Brown et
al. in a bilateral set-up.10,18
One limitation of our study is that T2w images were not acquired at 7T (previous 7T breast
MRI studies reported the same difficulty in obtaining T2w images).6,10,15,17,28 Due to the use
of multiple refocusing pulses, T2w sequences based in turbo spin echo have significant
B1+ problems. Moreover, the association of the same multiple refocusing pulses and inversion recovery increases the SAR substantially (which is already close to the SAR limit at
3T). Fat-suppressed T2w sequences also have severe limitations.6,15,17 Although the latest
update of the BI-RADS lexicon recommends to include T2w imaging in the breast imaging
protocol,29 the most recent published T2w data at 7T do not meet imaging standards,5 once
we lack the necessary homogeneous distribution of 180º flip angles. Current developments
such as RF pulses designed to compensate the linear decreasing B1+ field may enable
accurate T2w imaging at 7T.24 However, further research and technical improvements are
necessary.17,24
Another limitation is the small sample size. The first cohort study comparing breast MRI at
7T and 3T had a similar number of patients (24). Nevertheless, the presented lesions in our
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study encompassed a wide range of pathological diagnoses, including both benign and
high-risk lesions, and both in situ and invasive cancers.

Conclusion
Our comparison study shows that 7T DCE breast MR allows BI-RADS conform analysis. However, technical improvements are needed (such as acquisition of T2w sequences and adjustment of B1+ field inhomogeneities) to further explore the clinical potential of 7T breast MRI.
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Abstract
Purpose
The aim of this study was to assess OA/US’s ability to correctly downgrade benign masses
classified as BI-RADS 4a and 4b to BI-RADS 3 or 2.

Materials and Methods
OA/US technology uses laser light to detect relative amounts of oxygenated and deoxygenated hemoglobin in suspicious breast masses. In this prospective, multicenter study, we
report results of 209 patients with 215 breast masses classified as BI-RADS 4a or 4b by
ultrasound (US). Patients were enrolled between 2015 and 2016. All masses were first evaluated with US, from which a POM (probability of malignancy) and a BI-RADS category were
assigned to each mass. The same masses were then re-evaluated with OA/US. During the
OA/US evaluation, radiologists scored 5 OA/US features, and then reassigned a POM and
BI-RADS category for each mass. OA/US’s BI-RADS downgrade and upgrade percentages
were assessed using the weighted sum of the 5 OA feature scores.

Results
With OA/US, 47.8% (57/119; 95% CI 0.39 – 0.57) of benign masses classified as BI-RADS
4a and 11.1% (3/27; 95% CI 0.03 – 0.28) of masses classified as BI-RADS 4b were correctly
downgraded to BI-RADS 3 or 2. Two of 7 malignant masses classified as BI-RADS 4a by US
were incorrectly downgraded, and 1 of 60 malignant masses classified as BI-RADS 4b by US
was incorrectly downgraded for a total of 4.5% (3/67; 95% CI 0.01 – 0.13) false negatives.

Conclusion
With OA/US, benign masses classified as BI-RADS 4a could be downgraded in BI-RADS category, potentially decreasing negative biopsies and short interval follow-up imaging exams.
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Introduction
Breast cancer is the most common malignant disease and the most common cause of death
among women worldwide, and is associated with a substantial medical need and economic
burden.1 Nevertheless, the survival rate has improved during the last two decades due to a
combination of improvement of imaging tools that enabled earlier detection, more effective treatments, and better supportive care.2-4
The three most important imaging modalities for detection and evaluation of breast abnormalities are mammography (MMG), magnetic resonance imaging (MRI) and conventional
diagnostic ultrasound (US).5 Although breast imaging modalities play a substantial role in
early detection of breast cancer, it is still challenging to correctly diagnose a malignant mass
without performing a biopsy.6,7 This is due to the histopathologic heterogeneity of these
tumors, which have variable molecular profiles and growth patterns, contributing to the
extensive variability in their morphologic imaging manifestations. Moreover, breast cancer
may go undetected in imaging exams, since both benign and malignant lesions may be
obscured by the surrounding normal breast tissue.8-10
US plays a major role in guided breast biopsies. However, the reported positive biopsy
rates for US-guided biopsies are low, varying from 7.9% to 17.0%, which results in many
biopsies of benign masses.9,11-17 In retrospect, many of these negative biopsies might be
considered unnecessary, as they result in increased emotional distress for patients, as well
as higher overall costs related to interventional procedures and short-interval follow-up
imaging studies. Currently, among the greatest challenges in US breast imaging are: to improve the differentiation between benign and malignant lesions, to concurrently maximize
sensitivity and specificity, to decrease false positives while minimizing false negatives, and
to decrease the number of negative biopsies.
Optoacoustic (OA) imaging combined with conventional US (OA/US) is a fusion diagnostic imaging technology that could address this challenge. OA/US fuses laser light with US,
as well as morphology and function. In OA/US, laser light is transmitted into the breast from
a hand-held duplex probe (OA and US) at two different wavelengths. The energy from laser
light is absorbed by hemoglobin, which becomes warmer and briefly thermo-elastically
expands, producing an acoustic wave that subsequently can be detected by the US transducer within the duplex probe. The shorter of the two wavelengths (757nm) is absorbed
relatively more by deoxygenated hemoglobin, while the longer wavelength (1064nm) is
absorbed relatively more by oxygenated hemoglobin. The OA signals are co-registered
(fused) with gray-scale US frames, colorized for relative degrees of oxygenation/deoxygenation and are interleaved with non-fused gray-scale US frames in real-time. OA/US essentially creates a fused real-time hemoglobin map that shows presence or absence of blood
vessels (including tumor angiogenic vessels), morphology of vessels, and relative degrees
of oxygenation/deoxygenation. Gray-scale US and OA/US demonstration of blood vessels
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represent morphologic features, while the relative degree of oxygenation/deoxygenation
of the vessels represents functional information. The addition of functional to morphologic
information may help the radiologist to better differentiate between benign and malignant
masses, potentially reducing false positives and negative biopsies, particularly in patients
with BI-RADS 4a and 4b classified masses that have low to intermediate risk of malignancy.
The aim of this study was, therefore, to assess OA/US’s ability to correctly downgrade
benign masses classified as BI-RADS 4a and 4b to BI-RADS 3 or 2.

Materials and Methods
This prospective, controlled and multicenter study took place in five centers in the Netherlands between March 2015 and February 2016. The study was approved by the ethical
boards of the participating hospitals and written informed consent was obtained from all
patients. Seno Medical Instruments, Inc. (Seno Medical) provided equipment and financial
support for this study. P.T.L works for Boston Biostatistics Research Foundation, which has a
research contract with Seno Medical Instruments, Inc. to provide study design and analysis
services. The remaining authors have no conflicts of interest. All analyses presented in this
manuscript were performed by nonemployees and non-consultant authors. All investigators are dedicated breast radiologists with a minimum of 5 years of experience and had
undergone formal training in the performance and interpretation of OA/US examinations
(see APPENDIX for greater detail).

Inclusion and exclusion criteria
The inclusion criteria were: female patients ≥ 18 years old, with at least one mass classified
as BI-RADS 4a or 4b (and a corresponding probability of malignancy ranging from > 2%
to 50%) according to previously performed US. All selected subjects underwent an OA/US
evaluation after US, following consent and before biopsy. The investigators evaluated all
cases in an un-blinded manner, with access to all subject data and background clinical information. Histopathologic results were the reference standard to which OA/US results were
compared. All masses underwent an image-guided core needle biopsy (CNB), directional
vacuum-assisted biopsy (DVAB), and/or excisional biopsy of the same mass within 30 days
of enrollment. The exclusion criteria were: patients with a condition that could interfere with
the intended field of view (within one probe length or 4 cm of the mass), such as tattoos,
skin rash, hematoma or ecchymosis; patients experiencing a condition such as porphyria,
lupus erythematosus or any kind of photo-sensitivity; patients who had previous biopsy
or surgery of the mass of interest; patients who had previous biopsy or surgery within the
same quadrant(s) as the mass(es) to be biopsied; patients with mastitis; pregnant or lactating women; patients who received neoadjuvant chemotherapy within the last 90 days
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before the examination and patients whose mass to be biopsied was bigger than 3.0 cm in
maximum diameter (for more details, see APPENDIX). Patients with more than 3 lesions were
excluded. No mass was excluded for lying at too great a depth.

Scan protocol and estimator
After having an US examination, patients underwent an investigator-performed OA/US
evaluation. The device used for this study was the Imagio™ breast imaging system (Seno
Medical Instruments, San Antonio, Texas, USA). After OA/US evaluation, patients were asked
to fill a patient satisfaction survey (for more details, see APPENDIX).
Based on images obtained in OA/US, investigators estimated the probability of malignancy (POM) on a scale from 0% to 100% and, when appropriate, adjusted the previously
US-assigned BI-RADS classification.18,19 Five OA/US features were scored.19 Table 1 shows the
scoring system used by investigators, as well as the positive predictive values (PPV) for each
score.
For more details regarding the scan protocol, POM adjustment, estimators and OA/US
feature scoring, see APPENDIX.
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Table 1. OA/US feature scoring and the positive predictive values (PPV) for each score (n=213)*
OA/US Internal Vascularity and Deoxygenation (Vessel Score)
No internal vessels

1

Normal internal vessels without branches, red or green

14.0% (7/50)

2

Normal internal vessels with branches, mostly green

34.0% (33/97)

3

Internal speckle; green = red in amount and less red than background

35.7% (10/28)

4

Internal speckle or signal; red > green and red > background

43.5% (7/16)

5

Multiple internal red vessels
OA/US Internal Tumor Blush and Deoxygenation (Blush Score)

Internal Features

OA/US Score PPV

0

26.7% (4/15)

85.7% (6/7)
OA/US Score PPV

0

No internal vessels

14.3% (2/14)

1

Minimal internal speckle, all green

29.7% (19/64)

2

Moderate internal speckle; red=green and red + green < background

24.1% (21/87)

3

Moderate internal speckle; red > green and both < background

48.1% (13/27)

4

Moderate internal speckle; red > green and red also > background

57.1% (8/14)

5

Red blush almost fills lesion
OA/US Relative Internal Hemoglobin (Hemoglobin [Hgb] Score)

57.1% (4/7)
OA/US Score PPV

0

No internal hemoglobin (Hgb)

22.2% (2/9)

1

Minimal internal Hgb, less Hgb than background

30.9% (25/81)

2

Minimal internal Hgb in discrete vessels, Hgb = background

29.1% (16/55)

3

Moderate internal Hgb in discrete vessels, Hgb = background

28.2% (11/39)

4

Many large internal vessels containing Hgb amount > background

42.9% (9/21)

5

Many large Hgb filled vessels almost fill central nidus of mass

50.0% (4/8)
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Table 1. OA/US feature scoring and the positive predictive values (PPV) for each score (n=213)* (continued)
OA/US Internal Vascularity and Deoxygenation (Vessel Score)

OA/US Score PPV

OA/US External Boundary Zone (BZ) Vascularity and Deoxygenation (BZ Score)

OA/US Score PPV

0

No capsular/BZ vessels

21.7% (5/23)

1

Normal capsular/ BZ vessel(s) without branches (long, curved, parallel to capsule, not
perpendicular to capsule)

15.0% (9/60)

2

Normal capsular/ BZ vessel(s) with normal tapering acutely angled branches, mostly green

13.0% (6/46)

3

Capsular/ BZ speckle; green = red; red < background red

37.5% (9/24)

4

Capsular/ BZ speckle; red > green; red > background red

55.9% (19/34)

5

≥3 capsular/ BZ red vessels, some perpendicular

73.9% (17/23)

6

Boundary zone deoxygenated blush (complete or partial)
OA/US Peripheral Zone Radiating Vessels Score (Peripheral Zone Score)

66.7% (2/3)
OA/US Score PPV

0

No peripheral zone peri-tumoral vessels

19.2% (5/26)

1

1 or 2 peripheral zone feeding or draining vessels, at least one green, not in a radiating pattern

16.7% (12/72)

2

> 2 peripheral zone vessels, but random orientation, not radiating perpendicular to the
surface of the mass

20.3% (12/59)

3

1 or 2 peripheral zone radiating vessels

73.7% (14/19)

4

> 2 peripheral zone radiating vessels on one side of the mass

61.5% (8/13)

5

> 2 peripheral zone radiating vessels on more than one side of the mass

66.7% (16/24)

* High-risk lesions were excluded from this table.

Biopsy and histopathology
Regardless of the outcome of the OA/US evaluation, a biopsy was always performed after
the OA/US examination based solely upon conventional imaging findings (BI-RADS 4a or
4b). All biopsied masses (and surgical specimens when available) underwent central pathology review by an independent histopathologist. The central histopathologic diagnosis was
considered the reference standard for OA/US comparison. In case of lesions inappropriately
downgraded to BIRADS 2 and 3, a comparison was made between the central pathology review and the OA images in order to clarify possible reasons for a false negative downgrade.
For more information regarding histopathologic analysis, see APPENDIX.

Statistical methods
With 210 qualifying masses expected among 200 eligible subjects, approximately 140
benign and 70 malignant masses were projected. Benign mass downgrades and malignant
mass upgrades were evaluated using a one-sided binomial test with overall 2% Type I error
and >80% power. Downgrade and upgrade percentages were analyzed at the mass level.
The true positives (TP), true negatives (TN), false positives (FP), false negatives (FN) rates
were recorded. Based upon the FN, TN, TP and FP rates, likelihood ratios were also calculated.
The decision about whether to upgrade or downgrade the POM and BI-RADS category of a
mass from its US-assigned POM and BI-RADS category with OA/US was made by investigators based upon their OA/US feature scoring and OA/US feature scoring-based estimators.
The ten subject satisfaction scores were evaluated using a 1-5 ordinal scale. Outcomes were
evaluated as means. Data were analyzed using SPSS version 20.0 (IBM Corp., Armonk, NY).
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Results
Overall, 217 patients with 223 mass lesions were enrolled. Six patients were excluded due to
technical failure (not exposed to OA/US), one was excluded due to the absence of histology
(only FNA and cytology was performed) and one due to a major protocol deviation (patient
was younger than 18 years old). Therefore, 209 patients with 215 lesions were included in
the intent-to-diagnose population. The mean age of these patients was 49.2 ± 14.7 years
(45.9 ± 14.4 for patients with benign masses and 56.7 ± 12.6 for patients with malignant
masses). The mean size of the 215 masses was 1.41 cm ± 0.78 (95% CI 1.30, 1.51), 1.43 cm
± 0.85 for benign masses and 1.36 cm ± 0.60 for malignant masses. A study flow diagram
from subjects pre-screened to intention-to-treat population is showed in APPENDIX. Scan
time took on average 15 minutes and 42 seconds ± 6.57 minutes (minimum 4 minutes
and maximum 54 minutes). Tables 2 and 3 show OA/US TN, TP, FN and FP according to the
subject characteristics and histopathological results, respectively.

Mass histology
Of 215 masses, 68.0% (146/215; 95% CI 0.61 – 0.73) were benign, 31.1% (67/215; 95% CI 0.25
– 0.37) were malignant and 0.9% (2/215; 95% CI 0 – 0.03) were considered high-risk lesions.

Benign Masses
Among the 146 benign lesions, 81.5% (119/146; 95% CI 0.74 – 0.87) were classified as BI-RADS
4a and 18.5% (27/146; 95% CI 0.13 – 0.25) were classified as BI-RADS 4b by US. Sixty benign
masses were correctly downgraded from BI-RADS 4a or 4b to BI-RADS 3 or 2 (p<0.0001) with
OA/US. From the benign masses classified as BI-RADS 4a, 47.8% (57/119; 95% CI 0.39 – 0.57)
were downgraded to BI-RADS 3 or 2 and 12.3% (18/146; 95% CI 0.08 – 0.18) were upgraded
from BI-RADS 4a to 4b. Of 27 benign masses classified as 4b, 11.1% (3/27; 95% CI 0.03 – 0.28)
were downgraded to BI-RADS 3, 6.1% (9/146; 95% CI 0.03 – 0.11) were upgraded to BI-RADS
4c and 0.6% (1/146; 95% CI 0 – 0.03) was upgraded from 4b to 5. Figure 1 shows an example
of benign mass downgraded with OA/US.

Malignant Masses
Of malignant masses, 7 were classified by US as BI-RADS 4a and 60 were classified as BIRADS 4b. Among the 67 malignant masses, 1.4% (1/67; 95% CI 0 – 0.08) was upgraded from
BI-RADS 4a to 4b, 44.7% (30/67; 95% CI 0.33 – 0.56) were upgraded from BI-RADS 4b to 4c
and 3.0% (2/67; 95% CI 0 – 0.10) were upgraded from 4b to 5 (gross 49.5% true positive
upgrades).
Among BI-RADS 4a and 4b masses, the TN rate for OA/US was 41.1% (60/146; 95% CI
0.33 - 0.49), and the FP rate was 58.9% (86/146; 95% CI 0.50 - 0.66). Figures 2 and 3 show
malignant masses upgraded with OA/US.
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0

3 (11.1%)
2 (10.6%)

0

11 (23.0%)
4 (20.0%)
12 (19.7%)
19 (29.2%)
22 (40.8%)
24 (29.6%)
33 (26.7%)
17 (37.0%)
42 (25.0%)
30 (36.1%)
24 (20.8%)
5 (31.2%)
60 (28.0%)

Mass Size ( ≥2 cm)

Breast Density (1)b

Breast Density (2)b

Breast Density (3)b

Breast Density (4)b

Palpable (No)c

Palpable (Yes)c

Distance From Nipple (<3cm)d

Distance From Nipple (≥3 cm)d

Depth to Middle Mass (<1cm)e

Depth to Middle Mass (1-<2cm)e

Depth to Middle Mass (≥2cm)e

Overall
0

0

0

0

0

0

0

0

0

0

0

0

0

23 (32.0%)
26 (27.4%)

Mass Size (<1cm)
0

0

Mass Size (1-2 cm)

Factor / Subgroup (n=215)

Age (≥70 y)

0

17 (32.8%)

Age (50-59 y)

Age (60-69 y)

0
0

7 (38.8%)
38 (34.3%)

0

0

Age (<50 y)

38 (34.5%)

Premenopausal (Yes)a

TP with
impact in
biopsy

Perimenopausala

13 (19.7%)

Postmenopausal (No)a

Factor / Subgroup (n=209)

TN with
impact in
biopsy

3 (1.4%)

0

1 (0.9%)

2 (2.4%)

3 (1.8%)

0

2 (1.6%)

1 (1.2%)

2 (3.7%)

0

0

1 (5.0%)

1 (2.0%)

1 (1.0%)

1 (1.4%)

1 (5.3%)

0

1 (1.9%)

1 (0.9%)

0

2 (1.8%)

1 (1.6%)

FN with
impact in
biopsy

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

FP with impact
in biopsy

3 (1.4%)

0

2 (1.8%)

1 (1.2%)

2 (1.2%)

1 (2.2%)

3 (2.4%)

0

0

0

3 (5.0%)

0

1 (2.0%)

1 (1.0%)

1 (1.4%)

0

2 (7.5%)

0

1 (0.9%)

0

1 (0.9%)

2 (3.0%)

TN without
impact in
biopsyf

33 (15.3%)

0

21 (18.2%)

12 (14.5%)

26 (15.5%)

7 (15.2%)

22 (17.7%)

9 (11.1%)

3 (5.5%)

10 (15.4%)

15 (25.0%)

4 (20.0%)

9 (18.8%)

17 (18.0%)

7 (9.8%)

9 (47.4%)

5 (18.5%)

8 (15.4%)

10 (9.0%)

2 (11.2%)

9 (8.1%)

20 (30.3%)

TP without
impact in
biopsyg

6 (2.8%)

2 (12.5%)

3 (2.7%)

1 (1.2%)

4 (2.4%)

2 (4.4%)

3 (2.4%)

3 (3.7%)

1 (1.8%)

3 (4.6%)

1 (1.1%)

1 (5.0%)

2 (4.1%)

1 (1.0%)

3 (4.2%)

0

0

5 (9.6%)

1 (0.9%)

0

3 (2.7%)

2 (3.0%)

FN without
impact in
biopsyh

28 (13.0%)

0

17 (14.8%)

11 (13.3%)

22 (13.1%)

6 (13.0%)

11 (8.9%)

15 (18.6%)

7 (13.0%)

9 (13.8%)

10 (16.4%)

0

10 (21.0%)

7 (7.4%)

11 (15.2%)

4 (21.0%)

6 (22.2%)

6 (11.5%)

12 (10.8%)

2 (11.2%)

11 (10.0%)

14 (21.2%)

FP without
impact in
biopsyi

82 (38.1%)

9 (56.2%)

47 (40.8%)

26 (31.3%)

69 (41.0%)

13 (28.2%)

50 (40.3%)

29 (35.8%)

19 (35.2%)

24 (37.0%)

20 (32.8%)

10 (50.0%)

14 (29.1%)

42 (44.2%)

26 (36.0%)

3 (15.7%)

11 (40.7%)

15 (28.8%)

48 (43.2%)

7 (38.8%)

46 (42.0%)

14 (21.2%)

No change in
classification

215

16

115

83

168

46

124

81

54

65

61

20

48

95

72

19

27

52

111

18

110

66

Total

Table 2. OA/US True Negatives (TN), True Positives (TP), False Negatives (FN) and False Positives (FP) according to the subject characteristics (n=215 for mass size, breast density,
palpability, distance from the nipple and depth; n= 209 for menopausal status and age)
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Table 2. (continued)
a
In 15 cases patients underwent hysterectomy/oophorectomy or it was not possible to determine the menopausal status.
b
In 15 cases, breast density was not available.
c
In 10 cases it was not possible to determine whether the mass was palpable or not.
d
In one case distance from the nipple was not recorded.
e
In one case depth was not reported.
f
BI-RADS 4b lesions downgraded to BI-RADS 4a. This would have no impact in biopsy as all masses classified as
BI-RADS 4a or higher should undergo biopsy.
g
BI-RADS 4a masses upgraded to 4b or higher and BI-RADS 4b masses upgraded to 4c or higher. This would
have no impact in biopsy as all masses classified as BI-RADS 4a or higher should undergo biopsy.
h
BI-RADS 4b downgraded to BI-RADS 4a. This would have no impact in biopsy as all masses classified as BI-RADS
4a or higher should undergo biopsy.
i
BI-RADS 4a and 4b upgraded to a higher BI-RADS category. This would have no impact in biopsy as all masses
classified as BI-RADS 4a or higher should undergo biopsy.

7

Figure 1. Benign Fibroadenoma downgraded with OA/US. (A) and (B) longitudinal and transverse US images
show an ovoid shaped mass that is parallel in orientation, but not well-circumscribed, particularly along the lateral edges of the mass. It was classified BI-RADS 4a by US. (C) Gray-scale ultrasound within the OA/US machine
shows findings similar to those seen with US in frames A and B. (D) OA/US combined map shows no internal
OA/US signal and small round green and red capsular vessels (white arrows). There is a large vessel that was
noted to be just passing by the mass on the real-time short axis video sweep (white arrowheads in D, E and F).
There are some vessels in the chest wall (CW) and artefactual reflection signal at the lung-chest wall interface
(asterisk). There are no suspicious internal or external findings. (E) The OA/US total hemoglobin map shows no
internal hemoglobin and hemoglobin within normal appearing capsular vessels (white arrows). (F) The OA/US
relative map shows more background signal, but no additional findings. All 3 internal features scores were rated
as 0, the boundary/capsular zone was scored 1 and the peripheral zone vessels were scored as 1. The summed
internal scores were 0 and the summed external scores were 2. The estimated POM was 1.4% and the mass was
correctly downgraded from BI-RADS 4a (on US) to BI-RADS 3 on OA/US.
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2 (0.8%)

1 (14.3%)

0

0

1 (12.5%)

0

0

0

0

30 (14.0%)

0

0

0

0

4 (8.5%)

12 (25.0%)

3 (18.7%)

0

3 (50.0%)

10 (13.3%)

4 (57.1%)

1 (50.0%)

0

3 (37.5%)

17 (36.3%)

17 (35.4%)

6 (37.6%)

1

2 (33.3%)

29 (38.7%)

No change in
classification

83 (38.6%)

34 (15.8%)

2 (28.6%)

1 (50.0%)

3 (100.0%)

3 (37.5%)

24 (51.0%)

0

0

0

0
0

FP without
impact in
biopsyd

Overall

3 (1.4%)

0

0

0

0

0

2 (4.2%)

0

0

0
0

FN without
impact in
biopsyc

1 (100%)
0

0

0

0

0

0

0

0

0

0

1 (1.3%)

TP without
impact in
biopsyb

1 (100%)
3 (1.4%)

0

0

0

1 (12.5%)

2 (4.2%)

0

0

0

0
0

TN without
impact in
biopsya

Radial Scar
0

0

0
0

FP with
impact in
biopsy

LCIS
60 (28.0%)

0

0
0

DCIS

Others

High-Risk Lesions

0

0

Encapsulated Papillary Carcinoma

0
0

0
0

Invasive Breast Cancer Ductal NOS

Invasive Breast Cancer Lobular

Malignant Lesions

0

7 (43.7%)
17 (35.4%)

Microcystic Change

Other Benign Lesions
0

0

0

0

0

FN with
TP with
impact in impact in
biopsy
biopsy

215

1

1

7

2

3

8

47

48

16

1

6

75

Total

b

BI-RADS 4b lesions downgraded to BI-RADS 4a. This would have no impact in biopsy as all masses classified as BI-RADS 4a or higher should undergo biopsy.
BI-RADS 4a masses upgraded to 4b or higher and BI-RADS 4b masses upgraded to 4c or higher. This would have no impact in biopsy as all masses classified as BI-RADS 4a or
higher should undergo biopsy.
c
BI-RADS 4b downgraded to BI-RADS 4a. This would have no impact in biopsy as all masses classified as BI-RADS 4a or higher should undergo biopsy.
d
BI-RADS 4a and 4b upgraded to a higher BI-RADS category. This would have no impact in biopsy as all masses classified as BI-RADS 4a or higher should undergo biopsy.

a

1 (16.7%)

Benign Phyllodes Tumor

35 (46.7%)

Fibroadenoma

Papilomas

Benign Lesions

TN with
impact in
biopsy

Table 3. OA/US True Negatives (TN), True Positives (TP), False Negatives (FN) and False Positives (FP) according to the histopathological results (n = 215)
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Figure 2. A grade II invasive ductal carcinoma that was upgraded with OA/US. (A) Mammography shows a partially circumscribed oval shaped medium density mass in the upper outer quadrant. (B) US shows an oval shaped
circumscribed, parallel oriented hypoechoic mass that has a thin capsule anteriorly but a thick halo posteriorly.
Due to the indistinct posterior border with thick halo, the mass was classified as BI-RADS 4a (C) Color Doppler
shows no internal or capsular vessels. There are normal appearing small vessels in the surrounding tissue. (D) OA/
US shows findings similar to those showed by US in frame B. (E) OA/US combined map shows multiple internal
pleomorphic vessels that vary in size, shape and orientation. Deoxygenated red vessels are seen within the white
segmentation line. There is an intense deoxygenated anterior boundary zone blush (white arrowheads). There are
also multiple short perpendicularly oriented oxygenated and deoxygenated boundary zone neovessels (boundary
zone “whiskers”) on both sides of the mass (white arrows). (F) The OA/US total hemoglobin map shows markedly
increased hemoglobin within the central tumor nidus (within the white segmentation line). The OA/US internal
vessel score is 5. The OA/US internal blush score from the OA/US relative image (not shown in this figure) is 5, the
internal hemoglobin score is 5, the boundary zone deoxygenated blush score is 6, and peripheral radiating vessel
is 3. The estimator-derived POM is 93%. The mass was upgraded from BI-RADS 4a on gray-scale ultrasound and
Doppler to BI-RADS 4c with OA/US. The degree of discrepancy between OA/US and Doppler findings is typical
rather than an exception to the rule. Doppler is angle dependent, requires a minimum velocity, and has a very
low contrast ratio that prevents it from showing volume-averaged vessels smaller than a voxel. OA/US is not angle
independent, can detect blood regardless of velocity, even stationary blood, and has a high enough contrast-ratio
that vessels smaller than a voxel may still be imaged, despite volume averaging. This is an important reason why
OA/US can detect a blush when there are numerous small vessels that are too small to be seen individually, while
Doppler cannot. Additionally, OA/US can show relative deoxygenation (not seen in Doppler).

The TP rate for OA/US was 95.5% (64/67; 95% CI 0.87 – 0.98) and the FN rate was 4.5% (3/67;
95% CI 0.01 – 0.12). These 3 FN cases represented two invasive ductal and one invasive
lobular carcinoma. None of the FN cases was due to inadequate depth penetration of laser
light. The depth to the middle of the mass was <1.0 cm in 2 of them, and 1.52 cm in the third
mass. In two false negative cases, a careful revision of OA/US video sweeps showed suspicious findings that could have given the masses (in both cases) a higher OA/US BI-RADS
classification, and could have prevented these masses from being incorrectly downgraded.
Figure 4 shows an example of a mass that was downgraded from BI-RADS 4a to BI-RADS 2.
A careful analysis of the boundary zone shows many radiating vessels with suspicious morphology, which would result in an OA/US boundary zone score of 5. This mass should have
been, therefore, upgraded to BI-RADS 4b (and not downgraded). OA/US positive likelihood
ratio (PLR) was 1.62 (95/59) and the negative likelihood ratio (NLR) was 0.11 (4.5/41.1).
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Figure 3. An invasive ductal carcinoma grade II upgraded by OA/US (A) Mammogram shows a mildly irregular
small indistinct medium density mass. (B) US shows a corresponding small round mass with a thick echogenic
halo that was classified as BI-RADS 4b with a POM of 45%. (C) Internal ultrasound in the OA/US machine confirms the mass to be irregular with angles and to have a thick halo. (D) The OA/US relative image shows intense
deoxygenated blush both within the mass (inside white segmentation line), within the boundary zone (white
arrowheads), and a single posterior boundary zone deoxygenated vessel (white arrow). No peripheral radiating
vessels are seen. Together with other maps, internal vessel score is 5, the internal blush score is 5, the internal
total hemoglobin score is 5, the boundary zone blush score is 6 and the peripheral zone score is 1, resulting in a
POM of 82%. The mass was correctly upgraded to a BI-RADS 4c.

Figure 4. An example of a false negative mass (an IDC grade 3) that was downgraded from BI-RADS 4a to
BI-RADS 2. (A) irregular (white arrows) and microlobulated (blue arrows) margins seen on video sweeps are
suggestive of malignancy (these characteristics were not clearly seen on still images). (B) linear and punctate
calcifications (white arrows) are observed on the side of the lesion. (C, D and E) many boundary zone vessels
that are oriented perpendicular to the surface of the mass, boundary zone “whiskers” (white arrows) are seen
along both sides of the lesion, which is strongly suggestive of malignancy. While OA/US internal and peripheral
zone scores are all low (all scored 1), these boundary zone whiskers would merit a boundary zone vessel score
of 5. Because of the importance of boundary zone findings, even in the absence of other suspicious findings, a
boundary zone score of 5 yields a POM of 47% and a high BI-RADS 4b classification. This examination and interpretation was among the first ones performed in the study and the boundary zone “whiskers” were not appreciated. As with any new procedure, investigators have to go through a learning curve and the lack of experience
might have had an impact in this false negative case.
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The two high-risk masses were excluded from the downgrade and upgrade analysis, since
they could not be clearly classified as benign or malignant by the independent histopathologist. Table 4 shows the classification of benign and malignant masses both in US and
OA/US.
The subject satisfaction survey showed that OA/US is acceptable to patients. Approximately
95% of the patients agreed that OA/US had an acceptable level of comfort and 84% agreed
that OA/US scan time was acceptable. There were no safety issues related to OA/US.
Table 4. BI-RADS classification of pathology proven benign and malignant lesions according to US and OA/US
(n=213)*
US BI-RADS Benign
OA/US BI-RADS

US BI-RADS Malignant

4a (N=119)

4b (N=27)

4a (N=7)

2

8 (6.7%)

0

1 (14.3%)

4b (N=60)
0

3

49 (41.2%)

3 (11.1%)

1 (14.3%)

1 (1.7%)

4a

44 (37.0%)

3 (11.1%)

4 (57.1%)

6 (10.0%)

4b

18 (15.1%)

11 (40.7%)

1 (14.3%)

21 (35.0%)

4c

0

9 (33.3%)

0

30 (50.0%)

5

0

1 (3.7%)

0

2 (3.3%)

* High-risk lesions were excluded from this table.

7

Discussion
The main goal of the study was to determine if OA/US could potentially decrease the number of FP, and lessen both the need for biopsy and short interval follow-up by downgrading
the BI-RADS category of benign breast masses to BI-RADS 3 or 2. Importantly, in this study,
60 benign masses were correctly downgraded from BI-RADS 4a or 4b to BI-RADS 3 with OA/
US, highlighting the potential decrease in the number of negative biopsies. Consequently,
only 86 biopsies of benign masses might have been performed (rather than the 146 that
were performed).
We observed 3 FN in our study. Review of the OA/US images of these cases showed 2 of
the 3 to have interpretive errors. Had the positive OA findings been recognized in these two
cases, the TP rate would have been increased from 95.5% to 98.5%. One of the cases was a 4a
mass downgraded to BI-RADS 2. Such downgrade could have a negative clinical impact, but
it could have been prevented if the radiating vessels seen along the boundary zone on both
sides of the mass had been noticed (these are signs strongly suggestive of malignancy).
These 3 cases were among the first 50 included patients and the investigators were still
not completely familiar with the new technique. As with any new procedure, investigators
have to go through a learning curve and the lack of experience might have had an impact
on these false negative results. One of the false negative cases would have been more difficult to prevent, since MMG, ultrasound and OA/US all could not clearly depict suspicious
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characteristics. Naturally, there is always an overlap between the features of benign and
malignant lesions, which makes absolute distinction difficult.
The NLR of 0.11 found in our study allows a pre-test probability of 15.6% to be downgraded
to a post-test probability of disease of 2%. Thus, with a NLR of 0.11, masses throughout
the entire range of PPV’s of BI-RADS 4a (>2% to ≤10%) can be downgraded to a post-test
probability of 2% or less (BI-RADS 3). Downgrading to BI-RADS 2 is mathematically more
challenging. The lower end of BI-RADS 4a (approximately 3%), can be reduced to post-test
probability of approximately 0.33%, which although not 0%, might be low enough to allow
a 4a mass to be downgraded to BI-RADS 2. In this study, 8 benign masses were successfully
downgraded from BI-RADS 4a to BI-RADS 2 with OA/US. Since the range of PPV’s of BI-RADS
4b lesions extends from >10% and ≤50%, most lesions included in this category cannot
be downgraded without increasing the false negative rates. For daily clinical practice, the
important conclusion is that BIRADS 4a lesions may be downgraded to BI-RADS 3 or 2.
Previously published studies on NLRs of current breast diagnostic imaging modalities
showed that only masses classified as BI-RADS 4a and 4b have pre-test probabilities low
enough to be downgraded to BI-RADS 3 or 2 without excessive false negatives.20-25 Therefore, only BI-RADS 4a and 4b were included in our study. Although BI-RADS 3 masses were
not included, it is possible that future work will demonstrate that masses with a NLR of 0.11
classified as BI-RADS 3 (POM ≤2%) might be downgraded to BI-RADS 2 with a post-test
probability of less than 0.22%. Regarding the 49.2% upgrades, these would not have much
impact on the need for biopsy, but a positive OA/US exam could increase the confidence
in diagnosis. The potential effects of OA/US on masses originally classified as BI-RADS 2 or
3 that could possibly be wrongly upgraded to BI-RADS 3 or 4 have not been studied, since
this study evaluated only masses with low to moderate probability of malignancy ( BI-RADS
4a or 4b). A multinational study that includes BI-RADS 0, 1, 2, 3, 4, 5 and 6 is now being
designed and the results may help to clarify this question.
This study simulated a real-world clinical situation. The site investigators who performed
the OA/US scans were also able to immediately interpret the results. They had full access to
clinical, mammographic and US information, which is consistent with everyday clinical practice. The OA/US imaging scores were performed almost immediately after the OA/US scan
and the investigators did not have access to the histopathological result before completing
and locking their OA/US evaluations (preventing any possible bias in the results).
A limitation of this study is that the use of BI-RADS 4 subcategories is necessary to clearly
allow improvement in specificity while minimizing loss in sensitivity. The NLR of OA/US of
0.11 enables downgrade of a maximum pre-test probability of 15.6% to a post-test probability of 2% or less. This includes only the BI-RADS 4a category and the lowest part of the 4b
category. If no BI-RADS 4 subcategories are used, a POM between 20 and 40% would be too
high to be downgraded to a post-test probability of 2% or less. Some of the investigators
were not routinely using BI-RADS 4 subcategories before their participation in this study.
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Additionally, investigators’ knowing that their findings would not alter patient care could
have led to differences in willingness to downgrade lesions. Finally, the investigators were
familiar with using BI-RADS categories, but possibly were not as comfortable assigning a
POM score. This could have affected results since POM were used in both the conventional
US and OA/US assessments.
Previous published studies with OA/US have only been performed with small number of
patients and were mostly preclinical studies focused in description of patient cases.26-30 Our
study is the first to investigate the use of breast OA/US in clinical practice with a relatively
high number of patients. Our findings show that OA/US facilitates the distinction between
benign and malignant masses. Of benign masses classified as BI-RADS 4a, 47.8% were
downgraded to BI-RADS 3 or BI-RADS 2, potentially decreasing both negative biopsies and
decreasing the need for short interval follow-up imaging exams.
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Appendix
Appendix part 1 - Scan protocol and lesion evaluation
All investigators were dedicated breast radiologists with a minimum of 5 years of experience. Before the beginning of this multicenter study, all investigators received scan protocol
and medical device training with 30 cases retrieved from the pilot phase (n=100) of PIONEER
study.19 The scan protocols for both US and OA/US were based in the ACR 2011 Practice
Guidelines for the Performance of a Breast Ultrasound Examination.18 The views were annotated to be ACR BI-RADS breast ultrasound lexicon compliant and included breast side,
clock-face position, distance from the nipple and transducer orientation. When multiple
masses were scanned, the investigator annotated the film to indicate which mass was being
designated mass 1 and mass 2.
Images obtained in OA/US included at least orthogonal radial and anti-radial or longitudinal and transverse views of the mass. Views were obtained with and without measurement calipers, as the presence of calipers could interfere with the evaluation of the image
characteristics. Video sweeps were also obtained through the mass and surrounding tissues
in addition to still images. These video sweeps consisted of images along the long and
short axis of the probe in both orthogonal views. Video sweeps were particularly important
for OA/US, as the distribution of neovascularization and relative hypoxemia can be markedly asymmetrically distributed, and are often most pronounced at the periphery of lesions
and within the surrounding tissues, and might be missed if only freeze frame images are
obtained through the maximum diameters of the mass.
Investigators evaluated all cases in an unblinded manner with access to all subject and imaging data and background clinical information (including previous mammograms, US, MRI
and surgical reports if available). However, they did not have access to the histopathological
results before completing and locking the electronic case report forms (OA/US assessment).
The histopathologic specimens from core biopsies (and surgical excisional specimens
when available) were reviewed by an independent central histopathologist, whose central
histopathologic diagnosis was considered the reference standard. Megacassettes (5 x 7 cm)
subgross histology were obtained on excised specimens to facilitate OA/US histopathologic
correlation of vascularity in the boundary zone and peripheral tissues surrounding the mass
of interest. Such areas are often excluded from the much smaller routine 1x1 cm specimens.
Masses larger than 3.0 cm were excluded because a minimum of 1 cm of surrounding breast
tissue should be available for analysis on the 5 x 7 cm megacassettes. This surrounding tissue
facilitates the correlation between OA/US’s peripheral and external zone findings and the
histological specimen. The correlation between histopathologic and OA/US findings will be
reported in a future manuscript. Figure 5 illustrates 4-OA/US fused images, how the internal,
boundary and peripheral zones are defined, and some of the boundary zone findings with
histopathologic correlation.
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Figure 5. Example of fused gray-scale ultrasound and 4 different OA/US maps with segmentation of internal
zone and boundary zone and histopathologic correlation. Oxygenated blood is displayed as green and deoxygenated blood is displayed as red. A-D represent the standard 4-on-1 fused OA/US format. The lesion was diagnosed as an invasive lobular carcinoma grade II. (A) Gray-scale ultrasound (B) OA/US combined map; (C) OA/
US total hemoglobin map; (D) OA/US relative map; The white segmentation line outlines the internal zone or
central nidus of the mass. The aqua colored segmentation line outlines the outer border of the boundary zone
manifested as the thick “echogenic halo”. The variable thickness of the boundary zone is the distance between
the white and aqua colored segmentation lines. (E) OA/US combined map showed in B is enlarged to better
illustrate OA/US vascular anatomy. The short red vessels within the boundary zone that are perpendicular to the
surface of the mass are boundary zone “whiskers” (small white arrows). The radiating peripheral zone vessels lie
outside the boundary zone (white arrowheads). (F) 5 x 7 cm megacassette subgross histology. The white square
outlines the upper right segment of image E and is magnified in image G and the black square outlines the left
part of image E and is magnified histologically in image H. (G) Magnified histologic specimen of the area of images E and F that lie within the white box. There are multiple small vessels within the boundary zone (“whiskers”)
that lie nearly perpendicular to the surface of the mass (small black arrows). Only short segments of peripheral
zone radiating vessels are visible (black arrowheads). (H) Magnified histologic view of the areas within the black
box in images E and F. There are multiple nearly perpendicular deoxygenated (red) boundary zone whiskers
(small black arrows) and peripheral radiating vessels (black arrowheads). Note that fewer vessels are generally
visible on histologic specimen than on OA/US images, since the histologic specimens are only 4 microns thick
while the OA/US slice thickness are roughly 1 mm (1000 microns). The 250 times thicker OA/US slices will naturally show more numerous larger vessels and will also show vessel orientation better than will a 4 micron slice
histologic specimen. OA/US boundary zone vessel score is 5 of 6 and peripheral zone radiating vessel score is 5
of 5. Despite pronounced external findings, internal OA/US findings are minimal and internal scores are low. OA/
US internal vessel score is 2 of 5, OA/US deoxygenated blush score is 1 of 5 and OA internal hemoglobin score
is 2 of 5. Since external findings are weighted more heavily in the estimator, the estimated POM is 90% and the
final BI-RADS category assignment was a high BI-RADS 4c.
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Appendix part 2 – Estimators - Methods
In a the previous pilot phase of the PIONEER study (data not yet published), OA/US data of
100 patients were used to develop estimators to help predict the probability of malignancy
from OA/US feature scoring and to aid in the decision about whether a lesion could be
downgraded or upgraded in BI-RADS category.19 Five individual OA/US features (3 OA/US
internal feature and 2 OA/US external feature scores) were used as independent variables in
2 separate regression models to create these estimators, which were then used to calculate
the POM of a lesion. The OA/US feature scoring, as well as the PPV for each score can be seen
in Table 1. The same estimator was used for both PIONEER pivotal and MAESTRO studies.
The study procedure was as follows: a mass discovered by clinical or mammographic
findings was evaluated with US. Masses assigned as BI-RADS 4a (POM >2% to ≤10%) or 4b
(POM >10% and ≤ 50%) with US by the investigator could then be enrolled in the study.
Once enrolled in the study, the patient would undergo an OA/US evaluation performed by
the radiologist. After analyzing the lesion, the radiologist would score all 5 OA/US features
(3 internal, 2 external) and fill in the scores in an electronic case report form (eCRF). After
filling in the OA scores in the eCRF, an estimator is applied to determine the new POM. This
new POM will aid the radiologist decide about whether or not to downgrade or upgrade a
mass in BI-RADS category and by how many categories (2 category upgrade or downgrade
maximum). For example, a mass is originally classified as BI-RADS 4a with a POM of 10%. After
scoring the 5 OA features, the mass scoring is 0 for all 5 scores (categories). This would have
an estimator-calculated POM of 1.0%. Therefore, this mass previously classified as BI-RADS
4a (with a POM of 10%), can be downgraded to BI-RADS 3 (POM of 1 – 2%). The OA feature
scoring system is similar to those used in ACR TI-RADS and PI-RADS edition 2, where various
features are summed and higher sum scores correlate with great risk of malignancy.31,32
However, TI-RADS and PI-RADS 2 use unweighted sum scores.31,32. The OA/US scoring system
weights external OA features more heavily than internal OA features in the estimators, since
external features more strongly distinguish between benign and malignant masses than
do the internal features (for more explanation, see Appendix part 3 – Estimators – Results).
In summary: a mass discovered by clinical or mammographic findings was evaluated
with US. Those masses assigned as BI-RADS 4a (POM >2% to ≤10%) or 4b (POM >10% and
≤50%) with US by the radiologist could then be enrolled in the study. After performing
the OA/US evaluation, the investigator would score OA features on an eCRF, look at the
estimator output, and decide whether or not (and by how much) to downgrade or upgrade
the BI-RADS category. It is important to highlight that the investigators were free to assign
a different POM than the one provided by the estimator and they were also free to decide
if a lesion should be downgraded or not according to their own evaluation. There was no
patient overlap in the PIONEER study with the current study.
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Appendix part 3 – Estimators (weighted sums) – Results
It is not part of the aim of the study to describe the mathematical model of the estimator
in deep detail. However, using the 213 eligible masses obtained in our study, we performed
the same calculations as the ones performed in the PIONEER study (regression models)
to show how estimators help to distinguish benign vs. malignant masses. The results are
shown in Figures 6 and 7.

Figure 6. Distribution of individual OA/US internal and external features scores with red representing scoring
percentages for 67 malignant masses and green representing scoring percentages for 146 benign masses. (A)
Distribution of OA/US internal vessel score; (B) Distribution of OA/US internal deoxygenated blush score; (C)
Distribution of OA/US internal total hemoglobin score; (D) Distribution of OA/US external boundary zone vessel score; (E) Distribution of OA/US external peripheral zone radiating vessel score. All show significant differences (p<0.05) between benign and malignant, except the OA/US internal total hemoglobin score (p=0.3359).
Visually, however, it is readily apparent the external scores (D and E) better distinguish between benign and
malignant masses than do internal scores (A, B and C). Visual separation between benign and malignant is best
for the boundary zone score (D). This is not surprising, since the densest network of neoangiogenic vessels lie
at the growing outer edge of the mass and, on the other hand, there is often necrosis, cystic or hemorrhagic
degeneration, or fibrosis within the center of malignant masses.

Figure 7. Distribution of the sums of 3 OA/US internal features (A) and sums of 2 OA/US external features (B).
Red represents summed OA/US features scores for 67 malignant masses and green represents percentages of
summed OA/US scores for 146 benign masses. While there are significant differences in distributions of summed
OA/US scores between benign and malignant masses (for both summed internal and external scores), p-values
are lower and visual separation in the peak percentages is bigger for the summed external features (B) than for
internal features (A).
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Wilcoxon Rank-Sum Test was used to compute the two-sided p-values and two-sided 99%
confidence intervals (CI) for the difference between benign vs. malignant masses (for the 3
OA/US internal and 2 OA/US external features). Figure 8 shows the results of the mean and
99% CI for the sum of 3 OA/US internal and 2 OA external features scores.

Figure 8. Mean and 99% confidence intervals (CI) for sums of 3 OA/US internal (A) and 2 OA/US external (B)
features scores. (A) Concerning the 3 internal features scores, note that there is an overlap of 0.3 between the
lower bound of the 99% CI of malignant masses and the upper bound of the 99% CI of benign masses. (B)
Note that, for the sum of 2 external features scores, there is no overlap between the lower bound of the 99%
CI for malignant masses and the upper bound of the 99% CI for benign masses (1.2 separation). This is further
evidence of the superiority of external OA/US findings in distinguishing between benign and malignant masses.

Figures 6, 7 and 8 show that the 2 OA/US external features distinguish better between
benign and malignant masses than do the 3 OA/US internal features. This makes histologic
sense, because the most rapidly growing part of a malignant mass, the richest neovascularity, and also the most intense desmoplastic and/or host immune response to the tumor all
occur at the growing peripheral margin of the tumor (which we have defined as the boundary zone). Additionally, native vessels are recruited in the surrounding tissues, (which we are
defined as the peripheral zone). On the other hand, the interior of malignant masses is often
necrotic and/or liquefied in grade III invasive malignancies and mostly fibrotic in grade I
and II invasive malignant masses, and is, therefore, often relatively devoid of oxygenated or
deoxygenated blood, making it more difficult to distinguish benign from malignant masses
using only the 3 OA/US internal features. Furthermore, acoustic shadowing tends to cause
optoacoustic shadowing. Thus, intensely shadowing malignant masses may not have any
demonstrable OA/US signal in the central hypoechoic nidus of the mass (which we define
as the internal zone), but may still have abundant suspicious OA findings in the boundary
and peripheral zones that lie anterior to the shadowing parts of the mass.
Note: since the external OA/US features offer better distinction between benign and
malignant masses than do internal features, it was important that the border between
the hypoechoic central nidus and the boundary zone to be precisely identified. However,
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identifying the border on any of the 5 OA/US maps was challenging. Therefore, each investigator (during the scan procedure) was able to manually trace the outline of the hypoechoic
central nidus on the left upper gray-scale ultrasound image of the 4-on-1 OA/US format
(Figure 5A) and then propagate the segmentation line to co-registered positions on the OA
maps (see example in Figure 5).
The 2 Bland-Altman Plots below (Figure 9) show the mean differences between OA/US
POM and US POM regarding benign and malignant masses.

Figure 9. Bland-Altman Plots showing the mean differences between OA/US POM and US POM regarding
benign and malignant masses.
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Appendix part 4 – Satisfaction survey and adverse events – Results
In total, 204 patients completed the subject satisfaction survey. OA/US showed acceptable
success percentages (strongly agree > 25%) in 7 of the 10 acceptance endpoints. Table 5
shows the results of the survey. There were no adverse events related to OA/US.
Table 5. Subject satisfaction survey (n=204)
1. Acceptable level of
comfort

2. OA/US
probe felt
comfortable

3. OA/US
scan time
was acceptable

4. Prefer
OA/US scan
rather than
a standard
ultrasound
exam

5. Eyewear
was comfortable

6. Absence
of radiation
during OA/
US scan is
important to
me*

5. Strongly
agree (Yes)

160 (78.4%)

86 (42.2%)

115 (56.4%)

44 (21.6%)

95 (46.7%)

101 (49.7%)

4. Somewhat
agree

34 (16.7%)

74 (36.2%)

56 (27.5%)

38 (18.6%)

48 (23.5%)

46 (22.7%)

8 (3.9%)

39 (19.1%)

23 (11.2%)

110 (53.9%)

36 (17.6%)

47 (23.2%)

2. Somewhat
disagree

0

5 (2.5%)

8 (3.9%)

7 (3.4%)

17 (8.3%)

8 (3.9%)

1. Strongly
disagree (No)

2 (1.0%)

0

2 (1.0%)

5 (2.5%)

8 (3.9%)

1 (0.5%)

Not applicable

0

0

0

0

0

0

204 (100%)

204 (100%)

204 (100%)

204 (100%)

204 (100%)

203* (99.5%)

Subject
Questionnaire Answer

3. Neither
agree nor
disagree

Total

* Not all patients completed all questions of the survey.
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Appendix part 5 – Flow diagram showing the flow from subjects pre-screened to
intention-to-treat population – Results
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Discussion

Breast cancer is the most common malignant disease diagnosed among women worldwide.1 Despite increasing incidence,1 mortality has declined during the last two decades1,2
due to a combination of more effective treatments and earlier detection of breast cancer
by imaging exams.3 Imaging plays a crucial role in breast cancer diagnostics, staging and
treatment planning, and it is essential for patients from initial diagnosis throughout the
evolution of the disease.
The three most important conventional imaging techniques for diagnosing and evaluating breast diseases are mammography (MMG), ultrasound (US) and magnetic resonance
imaging (MRI).4 MMG is the primary imaging modality for breast cancer screening and
diagnosis. US is widely used in daily practice as an adjunct to mammography to improve
lesion detection and characterization. It is also used to guide interventional procedures,
such as biopsies. Breast MRI is an important supplemental imaging technique for detecting
and staging breast cancer and it offers valuable information about breast abnormalities that
cannot be obtained by MMG and US.
Although these conventional imaging modalities remain at the forefront of breast cancer
diagnostics, no single imaging technique is capable of diagnosing and characterizing all
breast abnormalities. Therefore, new developments are necessary to improve breast cancer
detection and characterization.
This thesis discussed recent developments and strategies for both conventional (part 1)
and novel (part 2) breast cancer imaging techniques.

Part 1 - Conventional Breast Imaging Techniques
It is well known that patients diagnosed with early stage breast cancer, particularly ductal
carcinoma in situ (DCIS), have a better prognosis than those diagnosed with more advanced
disease.5-7 After the introduction of mammographic screening, the percentage of cancers
detected as DCIS increased from 2 to 20%,8-11 contributing to the improvement of the survival rate of breast carcinoma.3 Calcifications are the most frequent presentation of DCIS,12
and the fact that no other imaging modality is better than MMG to detect calcifications
helped to establish this imaging modality as the main screening method for breast cancer.12
Moreover the transition from screen-film to full-field digital mammography in the last two
decades has considerably improved the visualizations and characterization of breast calcifications (both benign and malignant).13,14 Therefore, it is essential that calcifications can be
reliably classified as either benign or suspicious in order to avoid unnecessary biopsies and
treatment.
In order to standardize the terminology, assessment and management of mammographic
findings, the American College of Radiology developed the Breast Imaging Reporting and
Data System (BI-RADS).15 The BI-RADS lexicon classifies breast lesions according to their
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probability of malignancy. The 5th edition of the BI-RADS, released in 2013, proposed different categories for breast lesions based on their likelihood of malignancy or positive
predictive value (PPV) as follows: BI-RADS 1 and 2 (PPV of 0%), BI-RADS 3 (PPV ≤2%), BI-RADS
4a (PPV >2 and ≤10%), 4b (PPV >10 and ≤50%), 4c (PPV >50 % and ≤95%) and BI-RADS 5
(PPV ≥95%).15 Although the BI-RADS lexicon helped to standardize breast imaging reporting
and reduced confusion in breast imaging interpretations, it is still difficult for radiologists to
properly differentiate between benign and malignant calcifications, especially those classified as B3 (which have a PPV ≤2%).16-18 Morphology and distribution of calcifications are the
most important features to define the final BI-RADS classification, and there is a considerable interobserver variability among breast radiologists concerning these characteristics.18-21
Several studies showed that a consistent and reproducible classification of calcifications
using the BI-RADS lexicon is hardly possible, especially when considering calcifications
classified as BI-RADS 3 or 4.18-21 Chapter 2 presented the results of a retrospective database analysis of 473 patients who underwent 497 stereotactic breast biopsy procedures at
The Netherlands Cancer Institute between January 2011 and October 2013. Only lesions
classified as pure calcifications (not associated with mass or architectural distortion) were
included in this study, and malignancy was found in 32% (95% CI 0.24 – 0.39) of the B3
calcifications. Many other studies found similar results regarding the high PPV among B3
calcifications.16,17,22-27 According to the BI-RADS lexicon, since the probability of malignancy
of a B3 lesion is very low (≤2%), only follow-up mammography is advised for these patients.
When a lesion is classified as B3, patients should return after 6 months for additional imaging analysis. If the lesion remains stable, a second 6-month follow-up is indicated. After
that, a third 12-month follow-up is made and, assuming stability, the patient may return to
the normal screening program. This policy is difficult to put into practice in countries with
large population screening, where the financial and planning costs might be an obstacle
to implement such a short follow-up.27,28 Besides, short follow-up is also no guarantee of
not missing a malignancy, as many malignant calcifications might take more than 2 years
to present visible modifications.29-31 Considering our results, if we would have proceeded
according to the BI-RADS guidelines for B3 calcifications, we would have either missed or
delayed the diagnosis in 32% of the malignancies. It is important to highlight that a delay in
both diagnosis (and treatment) may result in a worse prognosis for the patients. We believe
that the high PPV found in B3 calcifications is enough argument to eliminate the use of
this category in daily clinical practice. Calcifications that would originally be classified as B3
should be directly classified as suspicious (B4) in order to improve patient care and to avoid
missing or delaying the diagnosis of a malignant lesion.
Another very important conventional imaging technique for diagnosing and staging
breast cancer is MRI. A literature review presented in Chapter 3 discussed the main clinical
indications for breast MRI. The first studies regarding contrast-enhanced breast MRI were
published approximately 3 decades ago.32,33 Since then, the use of this imaging technique
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has rapidly increased, making breast MRI one of the most important tools for diagnosing
breast diseases. Although MRI outperforms MMG and US in terms of cancer detection (with
a sensitivity of at least 90%),34,35 its specificity is only moderate (approximately 70%).34,35
Therefore, MRI might detect benign lesions that would otherwise go unnoticed, leading to
unnecessary costs related to preoperative work-up. The MONET (Preoperative MRI of Nonpalpable Breast Tumors) and the COMICE (Comparative Effectiveness of MRI in Breast Cancer)
trials showed that performing breast MRI in addition to the conventional triple assessment
resulted in extra use of resources (MRI itself is an expensive technique) and increased the
number of unnecessary surgical procedures.36,37 Both trials admonished the routine use of
breast MRI for preoperative work-up of patients with breast cancer.36,37 Nevertheless, there
are particular situations in which patients will benefit from this technique.
There is enough evidence to support the use of breast MRI as a screening tool for women
with a ≥20% cumulative lifetime risk of breast cancer.38-40 This high-risk group includes
women with proven BRCA1, BRCA2 mutations, untested first-degree relatives of mutation
carriers, women with an elevated risk based upon a family history consistent with a hereditary breast cancer syndrome and those who received thoracic radiotherapy before the age
of 30 years or at least 8 years previously.41-51
A controversial point is if women with dense breasts should also be considered at high
risk of breast cancer. In the late seventies, Wolfe described the relationship between breast
density and the risk of breast cancer.52,53 Since then, more than 42 studies confirmed that
women with extremely dense breasts (≥75% fibroglandular tissue) have a 2 to 6-fold increased risk of breast cancer compared with those with predominantly fatty breasts (less
than 5% of fibroglandular tissue).54 The strength of the association of breast density with
breast cancer risk is bigger than that for other established breast cancer risk factors (except
for age and BRCA mutations).54,55 Furthermore, MMG has lower sensitivity in women with
dense breasts, mostly due to the fact that breast cancer and fibroglandular tissue have
a very similar radiographic attenuation (both appear radiodense or white on a mammogram).56,57 Despite the lower mammographic sensitivity and higher risk of breast cancer in
women with dense breast parenchyma, the effectiveness of breast MRI screening in this
subgroup of patients is still unknown. Therefore, these women are currently only screened
with MMG. The ongoing multicenter randomized controlled Dense Tissue and Early Breast
Neoplasm Screening (DENSE) trial compares the difference in the proportion of interval
cancers between patients with extremely dense breasts that undergo only mammographic
screening and those who receive additional breast MRI examination. At the present time,
there is no recommendation of performing breast MRI in women with dense breasts until
further research confirms its (cost-) effectiveness.
Currently, breast MRI is the recommended imaging tool to evaluate the response to
neoadjuvant chemotherapy (NAC).58-60 This kind of chemotherapy is fundamentally given
in two situations: (1) breast tumors which are not amenable to upfront resection or breast
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conservation at initial presentation and (2) large operable breast tumors in which breastconserving surgery is not possible. Most centers perform a first (baseline) MRI before the start
of NAC. A second MRI is recommended after the first half of NAC administrations, to evaluate
the effect of chemotherapy and to facilitate an adjustment of therapy in non-responders.61
Finally, a third scan is performed after the final course of NAC to evaluate residual disease.
Since breast MRI may be unable to detect small tumor foci that might persist after NAC,
resection of the initial tumor bed is mandatory for proper treatment of these patients.61
MRI is also recommended in case of occult primary carcinoma, when metastases to the
axillary lymph nodes, supraclavicular lymph nodes, bones, liver, brain or lungs are diagnosed,
but the location of the primary carcinoma cannot be detected by either MMG or US.41,61
Breast MRI is able to detect up to 85% of the primary breast tumor in these cases,62,63 and
it has also a higher accuracy than MMG and US in assessing location and size of the tumor.
For that reason, it is a useful tool in planning an optimal surgical treatment and preventing
unnecessary mastectomies.64
The use of breast MRI in the evaluation of DCIS is controversial and MMG is the preferred
imaging method to detect this type of tumor. However, the sensitivity of MMG in detecting
DCIS shows great variability (27 – 80%), since not all DCIS calcify.10,65,66 Incomplete calcification might cause underestimation of the extent of the lesion in MMG, which may result in
additional surgical procedures to obtain negative margins.67,68 In a prospective study, Kuhl
et al. showed that MRI could help to improve the ability to diagnose DCIS, particularly DCIS
with high nuclear grade.31 Neubauer et al. showed that breast MRI might overestimate the
size of pure DCIS lesions.69 However, Hwang et al. showed that, in patients with DCIS, breast
MRI seems to provide more precise surgical planning (in case of occult invasive cancer or
multicentric disease) and it may reduce the need for mastectomy or multiple repeated excisions.70 Further investigation is necessary to help determine the effectiveness of breast MRI
in patients with DCIS.
Regarding invasive lobular carcinoma (ILC), breast MRI plays a fundamental role in providing additional preoperative information not obtained by MMG and US, being of great importance in recognition of ipsilateral and contralateral lesions.71,72 This is due to the fact that
ILC is basically characterized by its discohesive phenotype: the loss of E-cadherin causes the
tumor cells to spread in a pattern that causes minimum disruption of the normal anatomical
structures.73,74 This minimum anatomical disruption makes the full extent of ILC difficult to
diagnose using conventional breast imaging tools. As a result, MMG and US may only reveal
subtle changes or can even be completely normal.75 Besides, the lack of cell cohesion results
in ILC being more frequently multifocal, multicentric and contralateral (ipsilateral disease
is found in approximately 25% of the patients and additional contralateral foci are seen in
approximately 10%).76,77 Although the importance of preoperative breast MRI in patients
diagnosed with ILC is well documented, there are no specific guidelines regarding invasive
ductal carcinoma with lobular features (IDC-L), which is intermediate in the histological
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spectrum from ILC to IDC. The clinical and radiological behaviors of this histological type
have not been widely studied and it is not clear if the imaging characteristics of these tumors
are more similar to IDC or to ILC. Chapter 4 described the spectrum of mammographic,
sonographic and MRI findings in patients diagnosed with IDLC-L. The relationship between
the proportion of the lobular component and the imaging characteristics of these breast
tumors was also evaluated. IDLC-L typically presents as an irregular, spiculated and isodense
mass on MMG, as a hypoechoic, irregular and spiculated mass with posterior acoustic shadowing on US, and as an isolated mass or as a dominant mass surrounded by smaller masses
or non-mass-like enhancement on MRI. Wash-out is the most ordinary kinetic pattern of
these tumors. The most important findings were related to the high incidence of additional
foci of disease: multifocality was found in 27.4% of the patients, multicentricity in 17.7%
and contralateral disease in 12.3%. These high rates were not influenced by the amount of
lobular component of the tumors. The final conclusion is that the imaging characteristics
and incidence of ipsilateral and contralateral disease found in IDLC-L are similar to ILC, irrespective of the proportion of the lobular component. Therefore, the use of preoperative
breast MRI in these patients deserves consideration, but further studies are necessary to
confirm this hypothesis.78

Part 2 - New Breast Imaging Techniques

8

The second part of this thesis is dedicated to discuss new breast imaging techniques that
may improve breast cancer diagnostic accuracy. The main recommendations for the use
of breast MRI in clinical practice were discussed in part 1 of this thesis (such as detecting
multifocal, multicentric or contralateral disease in patients diagnosed with ILC, screening
of women with a ≥20% cumulative lifetime risk of breast cancer, assessing the response
to NAC and detection of an occult primary breast cancer in patients presenting with
metastatic cancer). Breast MRI has a much higher sensitivity compared to MMG and US, but
the relatively low specificity of this imaging technique is still a barrier to expand its use to
other clinical situations than those mentioned above. In Chapter 5, new technologies, such
as breast magnetic resonance (MR) spectroscopy, diffusion-weighted imaging (DWI) and
higher field strength 7 tesla (T) imaging were discussed. These new imaging techniques are
being studied in order to improve the specificity of breast MRI.

Diffusion-Weighted Imaging (DWI)
DWI is a non-invasive MRI technique based upon measuring the mobility of water molecules
within a voxel of tissue, generating imaging contrast and providing information about tissue
architecture (either normal or in a pathologic state).79,80 DWI helps to differentiate between
tissue types based on the use of the apparent diffusion coefficient (ADC). Malignant breast
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lesions typically present with restricted water diffusion and lower ADC values when compared to benign lesions.81,82
Together with contrast-enhanced MRI, DWI (and ADC) have a strong potential to improve
diagnostic performance and lesion characterization.83-87 The use of DWI in diagnosing DCIS
has also been described, and this technique showed potential to distinguish between low
and high grade DCIS.88,89 DWI also seems to increase the diagnostic value in patients with
mammographically detected microcalcifications.88-90 Another potential utility of DWI associated to ADC is treatment monitoring for patients undergoing NAC. Many studies reported
increased ADC values associated with tumor response to NAC, and some of these changes
may be detectable even before changes in vascularity or size of the lesion.91-95 However,
further studies with larger samples and with standardized chemotherapy cycles, treatment
regimen, imaging timing and DWI acquisitions are necessary to confirm these findings.

Proton Spectroscopy
Proton (hydrogen 1) MR spectroscopy is a non-invasive technique that provides chemical
information from a selected region in the body. Breast MR spectroscopy has been studied
during the last decades, but it is still behind brain and prostate spectroscopy in terms of
development and utility for clinical practice.96,97
While MR spectroscopy is more easily performed in relatively homogeneous areas (such
as brain), it is more difficult to run this technique in breast area, due to the heterogeneous
distribution of the glandular and fat tissues.98 In mammary gland, total choline (tCho) is
considered the most important metabolite in MR spectroscopy.99-101 Two meta-analysis have
investigated the use of breast MR spectroscopy to distinguish between benign and malignant lesions (using elevated tCho as an indicator of malignancy).102,103 They concluded that
spectroscopy can potentially add diagnostic value to contrast-enhanced MRI by offering increased specificity. However, the small number of patients analyzed in these studies as well
as the long pre-acquisition and acquisition time represent obstacles to the implementation
of this technique in clinical practice. Breast MR spectroscopy might also be important to
monitor the response to NAC. Changes in tCho after NAC determined by MR spectroscopy
seem to predict more accurately the pathological response than changes in the tumor
size.101 Besides, MR spectroscopy was able to detect changes in tCho concentration within
24 hours after the first dose of NAC.104,105
Using a 3T scanner, Pinker et al. investigated if contrast-enhanced MRI combined with MR
spectroscopy and DWI would improve the differentiation between benign and malignant
lesions. The authors selected 129 women with known breast abnormalities (74 malignant
and 39 benign lesions) and concluded that the association of these 3 techniques yielded
higher sensitivity and specificity compared with contrast-enhanced MRI alone.106
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7T breast MRI
Ultra-high field breast MRI at 7T field became recently available for research. It has many potential advantages over lower field’s strengths, such as better signal-to-noise ratio (SNR) and
spatial resolution,107-109 as well as greater spectral dispersion, which could possibly improve
breast MR spectroscopy and DWI techniques.110 DWI and MR spectroscopy are known to
have a relatively low spatial resolution using conventional clinical systems of 1.5 or 3T, and
7T is expected to provide more accurate functional information on perfusion, diffusion, and
metabolism. So far only some feasibility studies showed that DWI and MR spectroscopy at
7T enables breast cancer diagnosis and might be applicable in clinical practice.110-113 Largescale studies are necessary to confirm these first results. Considering all possible advantages
of a higher field strength, the focus of breast imaging research at 7T is not only obtaining
metabolic and cellular information,110,114,115 but also improving morphology assessment. In
Chapter 6, the current state of lesion identification and BI-RADS classification at contrastenhanced breast MRI at 7T compared to 3T was evaluated. Overall, 27 patients with 30
suspicious lesions were selected for this prospective study and underwent both 7T and
3T breast MRI. All examinations were rated independently by two radiologists on image
quality, lesion identification and BI-RADS classification. Contrast-enhancement-to-noise
ratios of mass lesions were higher at 7T. Sensitivity, specificity, negative predictive value and
positive predictive value were either equal at both field strengths or higher at 7T. However,
the image quality of the dynamic series at 3T was considered better, which indicates that
there is still need for technical improvement. One important limitation found at 7T is the
acquisition of T2-weighted images.107,116-119 As a result of the use of multiple refocusing
pulses, T2-weighted sequences based in turbo spin echo have significant B1+ problems.
Furthermore, fat-suppressed T2-weighted sequences are also limited116-118 and, therefore,
T2-weighted sequences at 7T still do not meet imaging standards.120 However, the latest
edition of the BI-RADS lexicon states that T2-weighted sequences must be included in the
breast imaging protocol.121 Consequently, further research and technical improvements are
necessary to enable good quality T2-weighted sequences for breast MRI at 7T.116,122

Optoacoustics
In Chapter 7, the use of optoacoustic (OA) imaging together with conventional grayscaleUS (OA/US) to better differentiate between benign and malignant breast masses was
discussed. Breast US plays a major role in the guidance of breast biopsies, but the reported
numbers of malignancies found per needle intervention are low (varying between 8%
and 17%), which results in several negative biopsies of benign masses.123-127 In hindsight,
some of these biopsies may be considered unnecessary, resulting in higher costs related to
interventional procedures and short-interval follow-up imaging exams (not to mention the
emotional distress for patients). Therefore, one of the greatest challenges in breast US is to
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maximize both the sensitivity and specificity to improve the differentiation between benign
and malignant lesions and, consequently, decrease the number of unnecessary biopsies.
OA/US is a new imaging technology that may address this challenge. In this technique,
laser light is transmitted into the breast and the energy of this same light is absorbed by hemoglobin. The shorter wavelength light is absorbed relatively more by deoxyhemoglobin,
while the longer wavelength is absorbed relatively more by oxyhemoglobin. The absorbed
light pulse causes hemoglobin to suffer a thermo-elastic expansion, which produces an
acoustic wave that is subsequently detected by an ultrasound transducer. The detection
of the acoustic wave by the transducer allows an imaging reconstruction that combines
the morphological information seen in traditional gray-scale US together with functional
information regarding deoxygenation of hemoglobin. This combination of anatomical and
functional information provided by OA/US may help radiologists to better differentiate
between benign and malignant lesions breast lesions.
Our multicenter trial assessed OA/US’s ability to correctly downgrade benign masses classified as suspicious (BI-RADS 4a and 4b) to probably benign or benign (BI-RADS 3 or 2). In
total 209 patients with 215 breast masses (146 benign and 67 malignant) were prospectively
included. With OA/US, 47.8% of benign masses classified as BI-RADS 4a were correctly downgraded to BI-RADS 3 or 2 and 11.1% of benign masses classified as BI-RADS 4b were correctly
downgraded to BI-RADS 3. Among all malignant masses, 3 were incorrectly downgraded.
After a careful revision of OA/US video sweeps, we observed that 2 cases showed suspicious
findings, such as radiating vessels, that could have given the masses (in both cases) a higher
OA/US BI-RADS classification, preventing these lesions from being incorrectly downgraded.
These cases were among the first 50 cases included in the study, when investigators were
not completely familiar with the new technique, which might have influenced the wrong
interpretation of the OA/US findings. In one case, the false negative would have been
more difficult to prevent, since MMG, US and OA/US all could not clearly depict suspicious
characteristics (there is always an overlap between the features of benign and malignant
lesions, which makes absolute distinction difficult). Overall, 49.2% of malignant masses were
correctly upgraded.
Another important finding was that the negative likelihood ratio (NLR) of 0.11 found in
our study allows a mass with a pre-test probability of 15.6% to be downgraded to a post-test
probability of 2.0%. Thus, with a NLR of 0.11, the masses throughout the entire range of
PPV’s of BI-RADS 4a (>2% to ≤10%) can be downgraded to BI-RADS 3 or 2. The conclusion
is that OA/US improves the distinction between benign and malignant masses compared
to US alone. Benign masses classified as BI-RADS 4a may be downgraded to BI-RADS 3 or 2,
potentially minimizing negative biopsies and short interval follow-up imaging exams.

152

Discussion

Conclusions and Future Prospects
This thesis evaluated the importance of conventional breast imaging techniques in
detecting and characterizing breast cancer, as well as the importance of new breast imaging strategies and technologies that may improve breast cancer diagnostic accuracy.
Many significant technological developments in MMG have occurred, particularly during
the past two decades. These advances are mostly related to the introduction of digital
mammography and the standardization of breast lesion classification provided by the BIRADS lexicon.13-15 US is important in the evaluation of suspicious breast lesions in women
younger than 40 years, evaluation of palpable lumps that are mammographically occult
and in the guidance of biopsies and therapeutic procedures.128 Preoperative breast MRI is
currently recommended in well-defined groups of patients in which a potential benefit of
local staging is expected (women at high risk for breast cancer, those diagnosed with ILC
and/or with multifocal, multicentric or contralateral disease, for detecting an occult primary
breast cancer in patients presenting with metastatic cancer and assessing the response to
NAC).38,129,130 These recommendations are based on: (1) high-quality randomized controlled
trials with narrow confidence intervals, (2) guidelines from the European Society of Breast
Imaging (EUSOBI), and (3) guidelines from The American Cancer Society Guidelines for the
Early Detection of Cancer.130-133 Currently quite some research is being conducted in new
breast MRI techniques such as DWI, MR spectroscopy and ultra-high field (7T). DWI together
with ADC has the advantage of short acquisition time (2 to 5 minutes) and the lack of the
toxicity and costs associated with contrast-enhanced breast MRI. The potential of DWI and
ADC as a non-contrast alternative for contrast-enhanced breast MRI has only been explored
by a few studies and further investigation is required.134-138 Larger clinical trials are needed
to validate the role of DWI combined with ADC to evaluate patients’ response to NAC.
These trials should include standardization in image acquisition, interpretation and analysis
to diminish the variability in image quality and ADC diagnostic criteria. Furthermore, additional research is necessary to assess the sensitivity and specificity of DWI as a stand-alone
technique (without the aid of contrast-enhanced MRI). Improving spatial resolution and the
use of computer-assisted evaluation tools may also help to clarify the potential of DWI in
clinical practice.
Considerable progress has been made in breast MR spectroscopy. However, recent studies show that this technique is still not ready to be used in clinical practice.99,101,103 Due to the
difficulty in detecting tCho signs from small areas within a reasonable time frame, the diagnostic accuracy of breast MR spectroscopy drops dramatically in lesions smaller than <1 cm,
even at higher fields (3T).139,140 At 7T field, spatial resolution may be substantially improved,
but 7T MR spectroscopy research is still at its early stages and this hypothesis has not yet
been confirmed.110-113 Furthermore, inhomogeneities in the magnetic field caused by surgical clips and hematomas may also pose difficulties into MR spectroscopy performance.127
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Contrast-enhanced breast MRI at 7T field provides concurrent high spatial and temporal
resolution and it allows BI-RADS conform analysis. However, technical improvements such
as acquisition of T2-weighted sequences and adjustment of B1+ field inhomogeneity are
still necessary to allow clinical use of contrast-enhanced breast MRI at 7T field.
In conclusion, MR spectroscopy, DWI and 7T MRI of the breast are promising techniques,
but they are not yet ready to be incorporated in clinical practice. Larger studies with standardized protocols and more statistical power are necessary to confirm the clinical value
and the cost-benefit of these new imaging modalities.141,142
OA/US imaging is a new hybrid imaging technique that offers optical absorption maps
together with high gray-scale US spatial resolution. It has the advantages of being a noninvasive and nonionizing imaging technique, and it also does not require contrast injection.
Our trial showed that OA together with US is a promising technique that may allow a better
differentiation between benign and malignant masses of the breast, potentially decreasing
the number of biopsies of benign lesions and short interval follow-up imaging exams. Future investigations may help us to unfold the full potential of this new imaging technology.
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Summary

Summary

Breast cancer is the most common malignant disease in women worldwide and approximately 1 in 8 women will be diagnosed with breast cancer during their lifetime.1 The
mortality rates of this disease have been declining in the past decades,1,2 mostly due to a
combination of advances in treatment and early detection by mammography.2-4 The three
most important imaging modalities for detection and evaluation of breast abnormalities are
mammography (MMG), ultrasound (US) and magnetic resonance imaging (MRI).
The first part of this thesis focuses on new strategies for conventional breast imaging
techniques. Nowadays, MMG is considered the best imaging technique for early detection
of breast cancer in women with an average lifetime risk of developing this disease.5-9 An
important advance was the standardization of breast lesion classification provided by the
Breast Imaging Reporting and Data System (BI-RADS) lexicon, instituted by the American
College of Radiology in late 1980s.10-12 However, it is still difficult for radiologists to properly
differentiate between benign and malignant calcifications, especially those classified as BIRADS 3.13-15 Although BI-RADS 3 calcifications are considered probably benign (≤ 2% probability of malignancy), our study described in Chapter 2 showed a much higher prevalence
of malignancy in these kinds of lesions (more than 30%). Our recommendation is, therefore,
that BI-RADS 3 calcifications should be considered suspicious and should undergo an immediate biopsy to avoid missing a malignant lesion.
MRI outperforms both MMG and US in terms of cancer detection,16 but the specificity of
this technique is only low to moderate (approximately 70%).17 As discussed in Chapter 3, the
most important indications to perform a breast MRI are: (1) screening of women at high risk
of breast cancer, (2) evaluation of the response of neoadjuvant chemotherapy, (3) occult
primary breast carcinoma in patients with metastases and negative MMG and US, (4) providing additional preoperative information about multifocal disease in patients diagnosed with
invasive lobular carcinoma (ILC).18 This last recommendation is due to the fact that patients
with ILC have a high incidence of ipsilateral and contralateral foci of disease. However, one
of our studies (described in Chapter 4) found that even patients diagnosed with mixed
ductal and lobular carcinomas have a very high incidence of ipsilateral and contralateral
disease, irrespective of the amount of lobular component of the tumors. Therefore, the use
of preoperative breast MRI in these patients deserves consideration.19
The second part of the thesis discusses new breast imaging techniques that may improve
breast cancer diagnostic accuracy. As explained in Chapter 5, magnetic resonance (MR)
spectroscopy, diffusion-weighted imaging (DWI) and 7 tesla (T) MRI are being studied in
order to improve the specificity of breast MRI. Together with contrast-enhanced MRI, DWI
and apparent diffusion coefficient (ADC) have a strong potential to improve diagnostic
performance and lesion characterization.20-24 DWI in combination with ADC may be useful
in monitoring the response to neoadjuvant chemotherapy. Breast MR spectroscopy also
showed potential to monitor the response to neoadjuvant chemotherapy25,26 and to distinguish between benign and malignant lesions.27,28 In Chapter 6, we discussed the results
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of the 7T vs. 3T trial and concluded that contrast-enhanced breast MRI at 7T field provides
concurrent high spatial and temporal resolution and it allows BI-RADS conform analysis.
However, technical improvements such as acquisition of T2-weighted sequences are still
necessary to allow the use of this technique in clinical practice. Therefore, MR spectroscopy,
DWI and 7T MRI of the breast are promising techniques, but they are not ready to be incorporated in clinical practice. Larger studies with standardized protocols and more statistical
power are necessary to confirm the clinical value and the cost-benefit of these new imaging
modalities.29,30
Optoacoustic (OA) imaging is a new technology based on laser light excitation that,
combined with conventional US (OA/US), enables simultaneous assessment of functional
and anatomical information that may improve distinction between benign and malignant
masses of the breast. A clinical trial to assess OA/US’s ability to correctly downgrade benign
masses originally classified as BI-RADS 4a and 4b in US was discussed in Chapter 7, and the
conclusion was that OA/US is a promising technique that has the potential to decrease the
number of biopsies of benign lesions and short interval follow-up imaging exams. Future
studies may help us to unfold the full potential of this new technology.
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Chapter 10
Nederlandse samenvatting

Nederlandse samenvatting

Mammacarcinoom is de meest voorkomende maligniteit bij vrouwen wereldwijd. Bij
ongeveer 1 op de 8 vrouwen zal invasief mammacarcinoom of ductaal carcinoma in
situ (DCIS) gediagnostiseerd worden tijdens hun leven.1 De mortaliteit ten gevolge van
mammacarcinoom is afgenomen gedurende de laatste decenia,1,2 door zowel betere behandelmogelijkheden alsook vroegdiagnostiek met behulp van beeldvorming (met name
mammografie).2-4 De drie belangrijkste medische beeldvorming technieken voor detectie
en evaluatie van mamma afwijkingen zijn mammografie (MMG), echografie (US) en magnetische resonantiebeeldvorming (MRI).
Het eerste deel van dit proefschrift richt zich op conventionele beeldvormingssystemen.
Tegenwoordig wordt MMG beschouwd als onderzoek van eerste keuze bij vroegtijdige
opsporing van mamma afwijkingen bij vrouwen met een gemiddelde kans op het ontwikkelen van mammacarcinoom .5-9 Een grote stap voorwaarts bij de beoordeling van mammaafwijkingen was de standaardisatie van de classificatie van borst laesies middels het Breast
Imaging Reporting and Data System’ (BI-RADS) lexicon eind jaren 80.10-12 Het blijft evenwel
lastig om een goed onderscheid te kunnen maken tussen goedaardige en kwaadaardige
calcificaties, met name als deze calcificaties geclassificeerd zijn als BI-RADS 3.13-15 Alhoewel
BI-RADS 3 calcificaties op dit moment worden geclassificeerd als waarschijnlijk benigne (≤
2% kans op maligniteiten), laten meerdere studies zien dat de kans op maligniteit bij dit
soort laesies groter is dan 2% (ongeveer 30%). Daarom onze aanbeveling om calcificaties,
geclassificeerd als BI-RADS 3 te beschouwen als hoog risico voor maligniteit en dient de
work-up standaard een biopsie te bevatten voor nadere evaluatie om een uitgetelde diagnose van maligniteit te voorkomen. Follow-up bij deze laesies is geen betrouwbare optie.
MRI heeft de hogere sensitiviteit dan MMG en US voor het detecteren van maligne mammatumoren,16 de keerzijde is echter een lage specificiteit van ongeveer 70%.17 Zoals besproken in Hoofdstuk 3 zijn de belangrijkste indicaties voor het uitvoeren van een mamma MRI;
het screenen van vrouwen met een verhoogd risico op mammacarcinoom, evaluatie van
de respons op neoadjuvante chemotherapie, occult primair borstcarcinoom bij patiënten
met metastasen en een negatief MMG en US, en het verkrijgen van aanvullende informatie
over multifocale ziekte bij patiënten gediagnosticeerd met invasief lobulair carcinoom
(ILC) voorafgaand aan de chirurgie.18 Deze laatste aanbeveling is gebaseerd op het feit dat
patiënten met ILC een hoge incidentie hebben van ipsilaterale en contralaterale foci van
ILC. In hoofdstuk 4 toonden we echter aan dat ook patiënten gediagnosticeerd met een
gemengd ductolobulair carcinoom een zeer hoge incidentie van zowel ipsilaterale alsook
contralaterale ziekte hebben, ongeacht de grootte van de lobulaire component. Daarom
dient een preoperatieve borst MRI bij ook deze patiëntengroep te worden overwogen.19
In het tweede deel van dit proefschrift worden nieuwe beeldvormingstechnieken besproken die de nauwkeurigheid van borstkanker diagnostiek mogelijk kunnen verbeteren. Op
dit moment worden MR spectroscopie, diffusion-weighted imaging (DWI) en 7 tesla (T) MRI
onderzocht om de specificiteit van MRI te verbeteren (hoofdstuk 5). Samen met contrast-
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enhanced MRI hebben DWI en apparent diffusion coefficient (ADC) een grote potentie om
de diagnostiek en de karakterisatie van de laesies te verbeteren.20-24 DWI in combinatie met
ADC blijkt ook nuttig te zijn voor het monitoren van de respons bij neoadjuvante chemotherapie. Borst MR spectroscopie kan gebruikt worden voor het meten van de response op
neoadjuvante chemotherapie,25,26 en om onderscheid te kunnen maken tussen benigne en
maligne laesies.27,28 Het gebruik van 7T contrast-enhanced MRI resulteert in zowel een hoge
ruimtelijke alsook temporele resolutie. De classificatie door middel van de BI-RADS blijft
goed mogelijk (hoofdstuk 6). Echter, zijn er nog een aantal technische verbeteringen nodig,
zoals het doorontwikkelen van T2-gewogen sequenties, om deze techniek in de dagelijkse
klinische praktijk toe te kunnen passen. We kunnen concluderen dat MR spectroscopie,
DWI en 7T MRI veelbelovende technieken zijn, maar op dit moment nog niet voldoende
betrouwbaar/toepasbaar om in de dagelijkse klinische praktijk te implementeren. Grotere
studies met meer statistische power en gestandaardiseerde protocollen zijn nodig om de
klinische waarde en de kosten/baten van deze nieuwe beeldvormingstechnieken te bevestigen.29,30
Tenslotte, wordt in hoofdstuk 7 een nieuwe hybride beeldvormingstechniek besproken
(OA / US) welke laserlicht combineert met ‘gray-scale’ US om een beter onderscheid te kunnen maken tussen benigne en maligne mamma laesies. Deze veelbelovende techniek maakt
het in potentie mogelijk het om het aantal benigne biopten te verlagen en ook een deel van
het aantal follow-up gevallen te vermijden. Meer studies zijn nodig om alle mogelijkheden
van deze techniek te ontdekken en te benutten.
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