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ABSTRACT

Breast imaging is an essential cornerstone in the management of breast cancer. It serves not only as breast
cancer screening, but also in diagnosis, treatment, and follow-up of patients with breast disease. Attempts to
enhance the current imaging modalities and development of new technology are underway. We provide a short
overview of the existing imaging modalities including mammography, tomosynthesis, ultrasound and magnetic
resonance imaging, and recent technological advances including positron emission mammography, contrast
digital mammography, elastography, three-dimensional | contrast-enhanced ultrasound and automated whole-
breast ultrasound screening. Magnetic resonance spectroscopy, new state-of-the-art applications in optical
imaging, cone-beam computed tomography, magnetic resonance-ultrasound navigation, and molecular
imaging techniques are also briefly discussed.
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Advances in Breast Imaging

INTRODUCTION

Breast cancer is the leading cause of cancer in Hong
Kong females, with a recent increasing trend in the
incidence and number of new cases. The number of new
breast cancers in female was 3508 in 2012, compared
with 2059 in 2002, which corresponds to a 70% rise in
the incidence, according to the statistics of the Hong
Kong Cancer Registry.! With technological advances,
breast imagers now have a wide range of tools to enable
more accurate assessment and detection of breast
pathologies, in particular cancer. The aim of this review
was to give a brief overview of the recent advances and
their application in breast imaging.

MAMMOGRAPHY

Mammography has been the primary imaging modality
for breast cancer screening and diagnosis for more than
five decades. Meta-analysis of 11 randomised controlled
trials of mammographic screening with 13 years of
follow-up estimated a 20% reduction in breast cancer
mortality in women invited for screening.> Currently,
digital mammography (DM) is increasingly used for
diagnosis and screening of breast cancer. Compared
with film screen mammography, it has the advantages of
speed, lower radiation dose, and easy image transfer and
storage. The results from the Digital Mammographic
Imaging Screening Trial showed that the overall
diagnostic accuracy of digital and film mammography
was similar although DM was significantly better than
film mammography in the subgroups of women younger
than 50 years, pre- and peri-menopausal women, and
women with heterogeneously dense or extremely
dense breasts.>* The meta-analysis of Souza et al® on
screening trials also showed no significant diagnostic
difference between digital screening and film-screen
mammography although DM was more accurate
in women younger than 50 years.>*$ With further
advances in technology, there is potential to improve
the sensitivity and specificity of DM.

DIGITAL BREAST TOMOSYNTHESIS
Digital breast tomosynthesis (DBT) is a three-
dimensional (3D) imaging technique that produces
images of a stationary compressed breast at multiple
angles during a short scan. The X-ray tube is moved
through a limited arc angle and a series of exposures are
obtained. These images are reconstructed into a series of
thin high-resolution in-focus slices that can be displayed
individually or in a dynamic cine mode.’

Large screening trials have shown that DBT has a higher
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sensitivity than DM and when used in combination with
DM, an improved detection rate and diagnosis of cancer
by 40% to 53% results.®® The improvement in cancer
detection rate is likely due to reduced obscuration by
overlapping tissue, leading to better detection and lesion
characterisation. Studies have also shown a significant
reduction in recall rates, especially for non-cancer
lesions (ranging from 6-67%).2!° Decrease in recall rate
results in reduced patient anxiety, cost, and possible
radiation dose due to additional images.

There are concerns about the detection and
characterisation of calcifications on DBT. A cluster
of microcalcifications may not be easily perceived
on a sliced image or correctly interpreted on DBT.
Conflicting data have been published on detection of
microcalcifications by DBT.!'2 DBT has also been
assigned lower Breast Imaging Reporting and Data
System (BI-RADS) classes and may have missed some
malignant and premalignant lesions. Other challenges
include extra cost and interpretation time. It may,
however, have the advantage of avoiding unnecessary
biopsies in patients with benign conditions.!* The
advantages and disadvantages of DBT must be carefully
balanced.

There is also concern about the radiation dose of DBT.
The dose of a single tomosynthesis acquisition is
reported as 1.5- to 4 mGy, approximately equivalent to
the dose of a 1- or 2-view full-field DM.” Nonetheless
the total patient radiation dose depends on the number
of views of tomosynthesis and its combination with a 1-
or 2-view traditional planar DM. Currently the US Food
and Drug Administration (FDA) has approved the use
of reconstructed 2D images obtained from DBT. Studies
have shown that the diagnostic accuracy of synthesised
mammography is similar to that of standard DM, and
has the potential to lower the overall radiation dose.!

With technological advances, further developments in
DBT and its possible synergistic combination with other
modalities such as ultrasonography (USG) or optical
imaging of the breasts will continue to evolve.">"?

NEW ADVANCES IN
MAMMOGRAPHIC EXAMINATIONS
Positron Emission Mammography

Positron emission mammography (PEM) is a new
imaging modality that uses a pair of dedicated gamma
radiation detectors placed above and below the mildly
compressed breast to detect gamma rays following
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administration of fluorine-18 fluorodeoxyglucose, the
positron emitting radionuclide used in whole-body
positron emission tomography (PET) studies. It has
been approved by the FDA as a diagnostic adjunct to
mammography and USG. Relative to whole-body PET,
PEM has the advantage of being able to detect smaller
hypermetabolic lesions. In addition, the sensitivity is
comparable with magnetic resonance imaging (MRI)
and significantly higher than that of PET, particularly
for small tumours.’® A meta-analysis of eight studies
has reported the sensitivity and specificity of PEM to be
85% and 79%, respectively with some benign lesions
accumulating the radionuclide such as fibroadenoma,
fibrocystic change, and fat necrosis.!”” Nonetheless
despite its high sensitivity, a disadvantage of PEM
is the radiation exposure: it is associated with a 15-
fold higher risk of cancer induction than a single
screen film or digital mammogram. In PEM, all body
organs are irradiated with radionuclide, so cancer
induction is possible in any radiosensitive organ.'® The
indications for PEM include initial staging, evaluation
for multifocal or multicentric disease, distinguishing
recurrence from scar tissue, and response monitoring
for neoadjuvant chemotherapy.® The clinical utility of
PEM requires further investigation in order to justify its
radiation risk.

Contrast-enhanced Digital Mammography
Contrast-enhanced digital mammography is a
mammogram in conjunction with intravenous injection
of iodinated contrast agent. It utilises the same concept
as gadolinium-enhanced MRI of the breast to identify
and analyse enhanced lesions that are otherwise occult
or inconclusive on routine mammography. Due to the
low absolute contrast concentration in breast tissue,
subtraction mammographic images are usually obtained
for analysis. There are currently two techniques under
development, namely the temporal technique and the
dual energy technique.

The temporal technique involves taking a baseline
pre-contrast image and multiple post-contrast images
that are obtained over a period of 5 to 7 minutes. The
dual energy technique requires two exposures, one
below and one above the K-edge of iodine.?! The
temporal technique provides the kinetic curves of the
enhancement pattern of lesions but the principal concern
is motion artefacts, and only one single view of one
breast can be examined. Recent study by Diekmann et
al** using contrast-enhanced temporal mammography
showed increased sensitivity from 0.43 of conventional
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mammography to an average of 0.62, particularly
pronounced in the case of dense breasts. The added
value of kinetic analysis of contrast enhancement,
however, could not be established, probably related to
the augmented blood flow in a compressed breast.

Although the dual-energy technique does not provide
detailed enhancement kinetics, it allows acquisition
of multiple views of the same breast or bilateral
examination. It is also less sensitive to motion artefacts,
with shorter acquisition time and has better patient
acceptance due to a shorter breast compression time.
Dromain et al* studied 142 breast lesions using contrast-
enhanced spectral (or dual-energy) mammography
(CESM) and demonstrated an increased sensitivity to
93% compared with conventional mammography of
78%, with no loss of specificity. All multifocal breast
cancers were correctly diagnosed.

Jochelson et al** compared the sensitivity of CESM
and breast MRI. The overall lesion detection rate was
64/77 (83%) for CESM and 72/77 (94%) for MRI. The
true-positive detection rate was significantly higher
than that of MRI: 64/66 (97%) for CESM versus 72/85
(85%) for MRI. A recent study by Lobbes et al* also
showed comparable good agreement in tumour size
measurement between histopathology and CESM
(0.905) versus breast MRI (0.915).

These initial studies have shown promising results
for contrast-enhanced digital mammography. With
increased availability of contrast-enhanced digital
mammography, large-scale studies can be conducted to
assess its sensitivity and specificity in cancer detection,
and establish its role in breast imaging.

BREAST ULTRASONOGRAPHY
Clinical Application of Breast
Ultrasonography

USG has a pivotal and indispensible role in breast
imaging. Currently established applications of breast
ultrasound can be broadly divided into three areas:
diagnostic, screening, and interventional guidance, as
stated in the American College of Radiology (ACR)
Practice Parameter.?® The current use of breast USG is
briefly discussed here.

Diagnostic

Ultrasound has an established role in the imaging
of clinically palpable breast lesions, as a first-line
investigation in patients younger than 30 years
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and lactating and pregnant women, and to evaluate
abnormalities identified by other modalities such as
mammography and MRI.?” Studies have demonstrated
a high accuracy in identification of malignant breast
lesions using BI-RADS ultrasound lexicon.?”:?8
Ultrasound also has a high sensitivity and negative
predictive value in evaluation of focal breast symptoms
or signs in women younger than 30 years.” In lactating
and pregnant women, ultrasound has a high negative
predictive value of malignancy.*® With regard to the
utility of ultrasound to check MRI-detected lesions,
a recent meta-analysis showed heterogeneous results
from available studies with a higher likelihood for
detection of malignant and mass lesions.?! None-
theless, it is helpful for clinical decision-making and
management .’

Screening

The Society of Breast Imaging and ACR recommend
screening ultrasound be used to supplement
mammography in women at high risk of developing
breast cancer and who cannot undergo MRI
examination. It is also recommended as a possible
screening tool for women at intermediate risk and with
dense breast tissue.** Many studies have investigated
the use of hand-held bilateral whole-breast screening
ultrasound in women with dense breast tissue (BI-
RADS density 3-4 in 2003 version,** corresponding to
category ¢ and d in the 2013 version*), with detection
of additional cancer ranging from 2.02 to 4.2 per 1000
women screened.*** Mammographically occult breast
cancers detected by screening ultrasound were usually
small, invasive, and node-negative cancers.’” There
is not yet firm evidence of the survival benefits of
screening ultrasound, and the high false-positive rate
and recall rate remain a concern.*'#?

Guidance for Intervention

Ultrasound is the major primary modality used for
image-guided interventions in breast imaging. It
offers the advantages of real-time evaluation, easy
access, freedom from ionising radiation, and better
patient comfort.*® Fine-needle aspiration, core-needle
biopsy, and vacuum-assisted biopsy are common
diagnostic procedures to evaluate palpable breast
lesions and lesions detected by other modalities. The
choice depends on the degree of clinical suspicion of
the lesions according to the BI-RADS classifications.
Ultrasound-guided percutaneous removal of small
benign breast lesions (approximately 1 cm) using a
vacuum-assisted device is gaining in popularity, and
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studies show promising results with complete removal
and a low rate of recurrence.*¢ The feasibility of
ultrasound-guided percutaneous ablation of small breast
cancers using radiofrequency ablation, cryoablation,
and irreversible electroporation has also been evaluated
although it remains controversial.*’ Ultrasound has
also been used to localise non-palpable breast lesions
including hookwire insertion, radioguided occult
lesion localisation, and sentinel node and occult lesion
localisation. 8%

Advances in Breast Ultrasound

Advances in ultrasound technology have allowed the
novel application of techniques such as elastography,
3D ultrasound, and contrast ultrasound in breast
imaging. These are exciting developments for both
clinical practice and research.’!

Elastography

Elastography evaluates and quantifies tissue elasticity.
It applies the principle of clinical palpation, where it is
assumed that pathological conditions and malignancy
increase tissue stiffness.

Two types of sonoelastography techniques are
available: strain elastography (SE) and shear-wave
elastography (SWE). SE measures tissue displacement
along the axis of applied force, usually with mild
compression, and compares it with adjacent normal
tissue.’> In SWE, an acoustic radiation force is
generated by application of the ultrasound probe to
the tissue. The propagation velocity of shear waves
(m/sec), which is proportional to the square root of
stiffness (Young’s modulus) of the tissue travelled,
is measured and thus allows quantification of tissue
elasticity in kilopascals (kPa).>

The application of elastography has been widely
investigated. For SE, a grey-white or colour map
displaying the relative strain of the selected lesion and
background tissue on mild compression is generated.
Qualitative assessment of the colour spectrum of the
lesion such as relative strain level and its surrounding,
lesion shape, size, diameter relative to B-mode imaging,
and strain level homogeneity are used to differentiate
malignant from benign lesions.’*** Malignant lesions
tend to have an irregular shape and heterogeneous strain
level within and in the surrounding tissue, and are
larger than their B-mode image. A semi-quantitative
method using strain ratio (ratio of pathological tissue
to surrounding normal tissue strain or tissue-fat strain
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ratio) or size-ratio relative to B-mode imaging has also
been studied.”® Automated measurements and ratios are
not currently approved by the FDA for use in the United
States.

SWE is less operator-dependent and provides
quantitative measurement of lesion stiffness. Similar to
SE, it enables qualitative assessment from the colour
spectrum map displaying lesion and adjacent tissue
stiffness value, lesion size, shape, diameter relative to
B-mode imaging, stiffness homogeneity of the lesion
and its adjacent tissue, and rim stiffness. Quantitative
assessment of the lesion concerned — including the
mean elasticity, maximum elasticity, and elasticity
ratio — can also be analysed.””® Various cutoff values
for these parameters have been proposed by different
studies.’”® A cutoff value of maximum elasticity
value of 80 kPa by Chang et al® had a sensitivity of
95.8% and specificity of 84.8%. Lee et al®! advocated
a cutoff value of 30 kPa with a sensitivity of 100% and
specificity of 57.2% while a cutoff value of 65 kPa had
a specificity of 81.1%. Berg et al® studied 939 masses
and showed that maximum visual colour stiffness,
irregular shape, or maximum stiffness of 160 kPa
were useful features to upgrade BI-RADS 3 lesions to
biopsy. Features of soft colour, oval shape, or maximum
stiffness of 80 kPa or less could be used to downgrade
BI-RADS 4a lesions to follow-up. The addition of
SWE increases the specificity of B-mode ultrasound in
assessing breast lesions with no statistically significant
increase in sensitivity.*

Both SE and SWE improve diagnostic performance
when used as an adjunct to breast ultrasound. They help
improve lesion characterisation and specificity, and
avoid unnecessary biopsies.®¢? Based on the available
evidence, the European Federation of Societies for
Ultrasound in Medicine and Biology has recommended
the use of elastography as an adjunct to conventional
ultrasound in breast imaging, with a principal aim to
improve classification of BI-RADS 3 and 4a lesions.®®

Both SE and SWE suffer from depth limitation and pre-
compression variation. The complexity of breast lesions
may also affect elastography performance: some cancers
are soft and of low stiffness whereas some benign
lesions, such as hyalinised fibroadenoma, appear quite
stiff. A combination of correlation B-mode ultrasound,
careful scanning technique, and awareness of potential
artefact and pitfalls will make elastography a useful aid
in breast sonography.
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Three-dimensional Ultrasound

The 3D ultrasound technique has been widely applied in
obstetrics and gynaecology but its application in breast
imaging has been relatively limited. 3D ultrasound has
been shown to have similar diagnostic performance to
2D ultrasound.®% A characteristic retraction pattern on
the coronal plane was found to be of high specificity
(94.6%) but low sensitivity (54.7%) for malignancy.5
Additional roles of 3D ultrasound include assessment
of tumour volume, evaluation of colour and power
Doppler vascular imaging, and guidance for biopsy, in
which needle localisation is better.®” It has also been
shown to have potential prognostic value in breast
cancer evaluation.®

Automated Whole-breast Ultrasound Screening
Automated breast ultrasound removes the need for
manual ultrasound and can be performed with the
patient prone or supine. There are three systems: (1)
patient in a prone position with breast in a water or gel
bath, with transducer scanning in a rotational manner
and acquisition of 3D data; (2) mechanical rotation
of the arm with a standard ultrasound probe, and
continuous acquisition of image data during scanning;
and more recently (3) an automated breast ultrasound
system comprising a large transducer paddle (similar in
size to compression paddle in mammography), with the
patient in a supine position, and data acquisition of the
whole breast volume.®7 Subsequent 3D reconstruction
can be performed at the workstation for interpretation.
The latter has been recently granted approval by the
FDA for use in breast cancer screening as an adjunct
to mammography. Several advantages of automated
whole-breast ultrasound screening (ABUS) include:
standardised data acquisition resulting in consistent
and reproducible results; a cost-effective method as the
presence of a radiologist or ultrasound technologist is
not required during the scanning; and consistent time
of data acquisition that allows a fast scanning time
of approximately 15 minutes. Nonetheless more time
may be required by the radiologist to review the scan
when compared with real-time handheld ultrasound
screening.’® A recently published large-scale trial,
the Somolnsight Study, investigated the addition of
ABUS to screening mammography in more than 15,000
patients with dense breast tissue.”' It demonstrated
an additional 1.9 cancers detected per 1000 women
screened: these cancers were invasive node-negative
cancers. There is the potential for more widespread
clinical application of ABUS, in particular for screening
patients with dense breast tissue.
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Contrast-enhanced Ultrasonography
Contrast-enhanced ultrasonography (CEUS) allows
characterisation of tumour vascularity and perfusion
pattern. More promising results have emerged with the
introduction of second-generation contrast agents.”
Additional effort has been made to characterise the
enhancement pattern using various parameters. CEUS
was found to have good correlation with MRI findings
in characterisation of breast masses.” It has also been
shown to be accurate in assessing tumour size of
invasive ductal cancer.”* It may also have a role in the
prediction of prognostic factors of breast cancers.”
Nonetheless the clinical role of CEUS in breast
imaging remains uncertain because the enhancement
characteristics do not provide a definitive diagnosis that
is still based on biopsy. The high cost of contrast agents
also limits the clinical application of CEUS.”?

MAGNETIC RESONANCE IMAGING
IN BREAST IMAGING

Breast MRI is an imaging technique that is increas-
ingly used in clinical practice, in both diagnosis for
symptomatic patients and in screening of asymptomatic
subjects.

Clinical Applications

Diagnosis in Symptomatic Patients

Excellent data from both single institution and
multicentre studies have confirmed that MRI is more
sensitive in the assessment of tumour size and detection
of multifocal and multicentric cancers (including
lesions in the same breast or contralateral breast) than
conventional imaging. It has a role in staging before
treatment is planned, and may influence the decision for
breast conservation therapy (BCT) versus mastectomy.
According to the recommendations of the EUSOMA
working group in 2010, indications for preoperative
MRI with potential advantages include: (1) patients
with newly diagnosed invasive lobular carcinoma
(where MRI is proven to be of particularly high pooled
sensitivity of 93% and high correlation with pathology
in previous systematic review); (2) patients at high risk
for breast cancers; (3) patients under 60 years of age
with discrepancy in size of more than 1 cm between
mammogram and USG, with expected impact on
treatment decision; and (4) patients eligible for partial
breast irradiation on the basis of conventional imaging
and clinical evaluation.

It should be noted that although MRI is more accurate
in the assessment of size of ductal carcinoma in-situ
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(DCIS) and extensive intraductal component than
other conventional methods, which is essential when
selecting BCT over mastectomy, it is also associated
with over- or under-estimations. There are also other
limitations: some malignant lesions remain undetect-
able by imaging, waiting time, and suboptimal MR
specificity. Treatment planning should therefore be
made by a multidisciplinary team, where MRI findings
are interpreted with reference to conventional imaging
findings and clinical evaluation. Any MRI findings
that may impact on patient treatment should be verified
by percutaneous biopsy whenever possible, and total
treatment delay due to MRI staging and other associated
work-up should not exceed 1 month. Patients should
also be informed of the potential risks and benefits of
preoperative MRI if this is being considered prior to
treatment.”

MRI has additional roles in the following scenarios: (1)
evaluation of response to neoadjuvant chemotherapy; (2)
detection of breast cancers that have distant metastasis
(e.g. histologically proven adenocarcinoma in axillary
lymph nodes”) but with the primary tumour remaining
occult on clinical evaluation and conventional imaging;
(3) assessment of symptomatic patients with breast
augmentation or reconstruction, either suspicious of
implant rupture or breast parenchymal disease (e.g.
breast lump, or in high-risk patients with suspicion of
tumour); (4) differentiation of breast cancer recurrence
from scar tissue in treated patients with inconclusive
conventional imaging findings or biopsy results; (5)
characterisation of equivocal findings on conventional
imaging in patients where needle biopsy is not feasible;
(6) work-up for abnormal nipple discharge when
conventional ductography has failed for technical
reasons or has been declined by the patient; (7)
diagnosis of inflammatory breast cancer, when an
unresolved presumed mastitis remains suspicious
for malignancy after appropriate antibiotic and anti-
inflammatory treatment. Careful patient selection and
close correlation with conventional imaging or biopsy
findings (whenever available) remain the cornerstone
for prompt and appropriate use of the imaging
technique.’

For Screening of Asymptomatic Subjects

MRI has been increasingly used to screen selected
subsets of women who have an increased lifetime
risk for breast cancer. The American Cancer Society
(ACS) recommends annual MRI screening as an
adjunct to mammography for women with the BRCA
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gene mutation; untested first-degree relatives of
BRCA carriers; those with a 20% to 25% or greater
life-time risk of breast cancer; patients aged 10 to
30 years who have undergone chest radiation; and
patients with Li-Fraumeni, Cowden and Bannayan-
Riley-Ruvalcaba syndromes or with an affected first-
degree relative.’s”

There is insufficient evidence to recommend MRI
screening in women at average risk (life-time risk,
15%-20%) for breast cancers, including those with
lobular carcinoma in situ, atypical lobular hyperplasia,
atypical ductal hyperplasia, heterogeneously or
extremely dense breast on mammography, or women
with a personal history of breast cancer including DCIS.
The application of MR screening in these women
remains debatable. Nonetheless, with the greatly
superior diagnostic power of breast MRI documented
across almost all possible clinical scenarios, expert
opinion (e.g. from Kuhl™) has stated that it is no longer
justifiable to further discourage its use for screening in
average-risk individuals who have made an informed
choice. MRI screening in women at <15% life-time
risk, however, is generally not recommended by the
ACS expert consensus opinion.

Recent Advances

Diffusion-weighted Imaging

In an effort to improve the specificity of MRI for
characterisation of breast lesions, diffusion-weighted
imaging (DWI) has been utilised to yield physiological
information about the functional environment and
movement of water in normal versus abnormal breast
tissue. Quantitative analysis of apparent diffusion
coefficient (ADC) values has proven to be useful in
distinguishing malignant from benign focal breast
lesions, where malignant lesions usually have a lower
value indicating restricted water diffusion and increased
cellularity. More recent literature suggests that ‘glandular
tissue-normalised ADC mapping’, compared with
using absolute ADCs, further improves the diagnostic
performance of DWI. In particular, the overlap of ADC
values between benign and malignant lesions can be
substantially improved by normalising them to those
of the remote glandular tissue. This improvement
even exceeds that achieved with conventional 3D T1-
weighted and dynamic MRI at 3.0T %

Magnetic Resonance Spectroscopy
Proton magnetic resonance spectroscopy (MRS) is a

non-invasive functional imaging technique that may
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complement dynamic contrast-enhanced MRI by
increasing its specificity. Most MRS use hydrogen-1
signals to determine the presence and concentration
of various metabolites in tissue. MRS of the breast
evaluates for a resonance peak at 3.2 parts per
million; this peak signifies increased levels of choline
metabolites referred as total choline ®!

Total choline is a marker for increased cell membrane
turnover that is detected not only primarily in malignant
breast lesions but also at a lower level in benign lesions
and normal fibroglandular tissue.?! Previous meta-
analysis by Baltzer and Dietzel®* of 19 breast MRS
studies showed promising results with reasonably good
pooled sensitivity (73%) and specificity (88%). At 3T,
metabolite peaks are more widely separated than at
1.5T, so although no significant difference in diagnostic
performance has been shown to date, it is proposed that
MRS at 3T may improve sensitivity over that at 1.5T,
especially for smaller lesions.®

MRS has also been investigated in the evaluation
of neoadjuvant chemotherapy response, with mixed
results.8! Larger-scale studies are needed to further
evaluate its use in this respect.

Magnetic Resonance-Ultrasound Navigation

In recent years, real-time ultrasound using a fusion
imaging system has been developed in which a position
tracking system is coordinated with a magnetic sensor.
This helps synchronise an ultrasound image and the
MR image with multiplanar reconstruction of the
same section in real time. The application of this new
technique is versatile and can help improve both tumour
staging and image-guided biopsies.

For Assessment of Tumour Margins During Tumour
Staging

Studies have shown that preoperative MR assessment
for breast cancers, although sensitive for detecting
multiple tumours in the same or contralateral breast, fails
to improve postoperative margin status or subsequent
local recurrence when compared with conventional
imaging modalities.?*#* It has been suggested that
MR-navigated ultrasound, with the combined benefit
of high sensitivity and real-time assessment under
multiplanar reconstruction, can predict tumour extent
more accurately than ultrasound alone. This may be of
particular use in patients with non-mass lesions on MRI
or those who have undergone neoadjuvant systemic
chemotherapy %
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For Biopsy of Incidental Lesions Depicted on Magnetic
Resonance Imaging But That Remain Occult on
Repeated Ultrasound

With the high sensitivity yet limited specificity of
contrast-enhanced MRI, there is a tendency to identify
more incidental breast lesions of indeterminate nature
during routine tumour work-up. As many of these are
too small and remain sonographically occult, even
on repeated assessment, they are resolved by MR-
guided biopsies that also have limitations, e.g. limited
availability, procedure cannot be done under real-time
visualisation, costly use of MR time and personnel etc.®
Ultrasound-guided biopsies remain the preferred option
whenever technically feasible. The emerging technique
of MR-navigated ultrasound is cheaper and can be
performed in real-time within a reasonable time.?’ It
is generally preferred by operators and may offer a
solution.

The Use of a Dedicated Magnetic Resonance
System to Improve Diagnostic Accuracy

Hillman et al®® has demonstrated improved diagnostic
performance of a dedicated 1.5T breast MR using
high-spatial-resolution and high-contrast-resolution
spiral trajectory acquisitions. They demonstrated
good sensitivity of 92%, specificity of 88.8%, positive
predictive value of 49.7%, negative predictive value
of 98.9%, and high accuracy, as well as a low number
of false positives and false negatives; the results were
significantly better in all case metrics when compared
with those historically recorded from breast MRI using
whole-body imagers. Such results have favourable
implications for patient care as it allows use of MRI
with a low risk of harm to the patient in both the
screening and diagnostic environments.

STATE-OF-THE-ART
TECHNOLOGIES IN BREAST
IMAGING

Cone-beam Computed Tomography

The use of cone-beam computed tomography (CT)
in breast imaging was first described by Lindfors
et al in 2008.* A flat-panel detector for cone-beam
CT application was used, with the patient in a prone
position without compression of the imaged breast,
and the detector and the X-ray tube rotated 360
degrees around the breast. The data acquired could be
reconstructed in multiplanar format. They compared
the performance of cone-beam CT with film-screen
mammography, and found that masses were better
visualised with CT while mammography outperformed
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for microcalcification detection.?® Similar results
were demonstrated by a subsequent study, which
found that details of microcalcification were better
delineated by mammography.” The group subsequently
worked on contrast-enhanced cone-beam CT and
demonstrated an improvement in detection of malignant
microcalcifications, similar to mammography, and
increased conspicuity of malignant mass lesions.’!
Another study demonstrated a high correlation between
cone-beam CT and mammography in the evaluation of
BI-RADs 4 and 5 lesions, with better patient comfort.”?
A pilot study investigated the potential role of cone-
beam CT in monitoring tumour response.”® In terms of
radiation dose, cone-beam CT had a similar or lower
glandular dose than conventional mammography %>
The current available evidence is derived largely from
small-scale studies: further large population studies are
needed to investigate the potential application of cone-
beam CT in breast imaging.

Optical Imaging

Optical imaging is a novel imaging technique that
utilises near-infrared light propagation through tissues
to assess their different optic properties.®* It can be
performed by utilising the intrinsic breast tissue contrast
alone such as oxy- and deoxy-haemoglobin, water, and
lipid. Near-infrared lasers — either radiofrequency
modulated, continuous-wave or pulsed — are used to
probe the tissue structure non-invasively. Oxy- and
deoxy-haemoglobin, water, and lipid have their own
specific absorption and scattering characteristics as a
function of wavelength. Their concentration and distri-
bution mappings within tissue can be reconstructed by
measuring the optic signals at multiple wavelengths %3
These mappings may potentially help in differentiating
malignant from benign lesions.

Leff et al®® reviewed 34 studies with approximately
2000 women in whom optical mammography was used
to evaluate breast conditions. About 85% of breast
lesions were detectable on optical mammography;
most results involved retrospective comparison with
X-ray mammography detection. A higher detection rate
was noted for cysts with low scattering characteristics
and cancer with high blood volume and strong optic
absorption. Fibroadenoma and small malignant lesions
were problematic with the latter due to low spatial
resolution of optical imaging.

A multimodality approach such as combined imaging
with mammography, ultrasound, or MRI'¢7%8 has
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been employed to enhance lesion detection and
discrimination. Multimodal registration can potentially
increase the specificity of optical imaging and allow for
the fusion of functional and anatomical information.
Most studies have shown that both the maximum and
mean haemoglobin concentrations were significantly
higher in malignant cancers compared with benign,
likely related to neovascularisation in cancer. Some
showed a lower oxygen saturation value in cancer
lesions.

Exogenous optic contrast probes to enhance optic
signals have also been investigated.” Molecular
contrast probes on specific tumour receptors or tumour-
associated enzymes are also under development.

With the advances in technology and molecular
imaging, optical imaging holds great promise as a non-
radiation imaging technique in breast screening, lesion
detection, and diagnosis.

Breast-specific Gamma Imaging

In contrast to conventional mammography that uses
an anatomical approach to display physical features of
breast cancer within normal surrounding breast tissue
(which is often limited by breast density), breast-specific
gamma imaging (BSGI), also known as molecular
breast imaging, has now been proposed as an adjunct
modality that uses a physiological approach to identify
breast lesions.!® Promising results from studies have
shown that it has high sensitivity in detecting cancers,
comparable with that of MRI, and an even higher
specificity. Furthermore, the performance is equally
good in non-dense and dense breasts (i.e. its use is not
limited by breast density).!"!

A dedicated breast-specific gamma camera is designed
to allow an acquisition technique similar to traditional
mammography: patient’s breasts are compressed in the
conventional craniocaudal and mediolateral oblique
positions with a high-resolution gamma camera directly
in contact with the surface of the breast. The BSGI
images can be directly correlated with mammograms,
and used to guide needle biopsy when necessary.
Gamma camera—guided stereotactic localisation has also
been developed recently for biopsy of lesions depicted
only on BSGI.!®

Compared with MRI, BSGI has the advantage of being
more comfortable for the patient, more cost-effective

and less time-consuming for radiologists and clinicians
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to interpret.'”! There remain concerns about the high
whole-body radiation dose from the radioactive tracer
currently used for these examinations.”” To date, BSGI
has not been validated as an effective screening tool in
large prospective studies.'®

CONCLUSION

Over the past few decades, extensive and advocate-
driven research has led to extraordinary progress in
technological advances in breast imaging. More options
for screening and diagnosis have improved our ability to
detect and diagnose breast cancer early. Breast imaging
remains an exciting field of study with a bright future.

REFERENCES
1.

Overview of 2012 Hong Kong Cancer Statistics. 2012. Available
from: http://www?3 ha.org.hk/cancereg/. Accessed 28 Feb 2014.

2. Marmot MG, Altman DG, Cameron DA, Dewar JA, Thompson
SG, Wilcox M. The benefits and harms of breast cancer screening:
an independent review. Br J Cancer. 2013;108:2205-40. crossref

3. Pisano ED, Gatsonis C, Hendrick E, Yaffe M, Baum JK,
Acharyya S, et al. Diagnostic performance of digital versus
film mammography for breast-cancer screening. N Engl J Med.
2005;353:1773-83. crossref

4. Pisano ED, Hendrick RE, Yaffe MJ, Baum JK, Acharyya S,
Cormack JB, et al. Diagnostic accuracy of digital versus film
mammography: exploratory analysis of selected population
subgroups in DMIST. Radiology. 2008;246:376-83. crossref

5. Souza FH, Wendland EM, Rosa MI, Polanczyk CA. Is full-
field digital mammography more accurate than screen-film
mammography in overall population screening? A systematic
review and meta-analysis. Breast. 2013;22:217-24. crossref

6. Vinnicombe S, Pinto Pereira SM, McCormack VA, Shiel S,
Perry N, Dos Santos Silva IM. Full-field digital versus screen-
film mammography: comparison within the UK breast screening
program and systematic review of published data. Radiology.
2009;251:347-58. crossref

7. Baker JA, Lo JY. Breast tomosynthesis: state-of-the-art and review
of the literature. Acad Radiol. 2011;18:1298-310. crossref

8. Skaane P, Bandos Al, Gullien R, Eben EB, Ekseth U, Haakenaasen
U, et al. Comparison of digital mammography alone and digital
mammography plus tomosynthesis in a population-based screening
program. Radiology. 2013;267:47-56. crossref

9. Rafferty EA, Park JM, Philpotts LE, Poplack SP, Sumkin JH,
Halpern EF, et al. Assessing radiologist performance using
combined digital mammography and breast tomosynthesis
compared with digital mammography alone: results of a
multicenter, multireader trial. Radiology. 2013;266:104-13. crossref

10. Roth RG, Maidment AD, Weinstein SP, Roth SO, Conant EF.
Digital breast tomosynthesis: lessons learned from early clinical
implementation. Radiographics. 2014;34:E89-102. crossref

11. Spangler ML, Zuley ML, Sumkin JH, Abrams G, Ganott MA,
Hakim C, et al. Detection and classification of calcifications on
digital breast tomosynthesis and 2D digital mammography: a
comparison. AJR Am J Roentgenol. 2011;196:320-4. crossref

12. Ciatto S, Houssami N, Bernardi D, Caumo F, Pellegrini M, Brunelli
S, et al. Integration of 3D digital mammography with tomosynthesis
for population breast-cancer screening (STORM): a prospective
comparison study. Lancet Oncol. 2013;14:583-9. crossref

13. Kopans D, Gavenonis S, Halpern E, Moore R. Calcifications in

107


http://dx.doi.org/10.1038/bjc.2013.177
http://dx.doi.org/10.1056/NEJMoa052911
http://dx.doi.org/10.1148/radiol.2461070200
http://dx.doi.org/10.1016/j.breast.2013.02.013
http://dx.doi.org/10.1148/radiol.2512081235
http://dx.doi.org/10.1016/j.acra.2011.06.011
http://dx.doi.org/10.1148/radiol.12121373
http://dx.doi.org/10.1148/radiol.12120674
http://dx.doi.org/10.1148/rg.344130087
http://dx.doi.org/10.2214/AJR.10.465
http://dx.doi.org/10.1016/S1470-2045(13)70134-7

Advances in Breast Imaging

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

108

the breast and digital breast tomosynthesis. Breast J. 2011;17:638-
44, crossref

. Tagliafico A, Mariscotti G, Durando M, Stevanin C, Tagliafico G,

Martino L, et al. Characterisation of microcalcification clusters on
2D digital mammography (FFDM) and digital breast tomosynthesis
(DBT): does DBT underestimate microcalcification clusters?
Results of a multicentre study. Eur Radiol. 2015;25:9-14. crossref
Kopans DB. Digital breast tomosynthesis from concept to clinical
care. AJR Am J Roentgenol. 2014;202:299-308. crossref

Fang Q, Selb J, Carp SA, Boverman G, Miller EL, Brooks DH,
et al. Combined optical and X-ray tomosynthesis breast imaging.
Radiology. 2011;258:89-97. crossref

Zhang X, Yuan J, Du S, Kripfgans OD, Wang X, Carson PL, et
al. Improved digital breast tomosynthesis images using automated
ultrasound. Med Phys. 2014;41:061911. crossref

Glass SB, Shah ZA. Clinical utility of positron emission
mammography. Proc (Bayl Univ Med Cent). 2013;26:314-9.
Caldarella C, Treglia G, Giordano A. Diagnostic performance of
dedicated positron emission mammography using fluorine-18-
fluorodeoxyglucose in women with suspicious breast lesions: a
meta-analysis. Clin Breast Cancer. 2014;14:241-8. crossref
Narayanan D, Madsen KS, Kalinyak JE, Berg WA. Interpretation of
positron emission mammography and MRI by experienced breast
imaging radiologists: performance and observer reproducibility.
AJR Am J Roentgenol. 2011;196:971-81. crossref

Jochelson M. Contrast-enhanced digital mammography. Radiol
Clin North Am. 2014;52:609-16. crossref

Diekmann F, Freyer M, Diekmann S, Fallenberg EM, Fischer
T, Bick U, et al. Evaluation of contrast-enhanced digital
mammography. Eur J Radiol. 2011;78:112-21. crossref

Dromain C, Thibault F, Muller S, Rimareix F, Delaloge S, Tardivon
A, et al. Dual-energy contrast-enhanced digital mammography:
initial clinical results. Eur Radiol. 2011;21:565-74. crossref
Jochelson MS, Dershaw DD, Sung JS, Heerdt AS, Thornton
C, Moskowitz CS, et al. Bilateral contrast-enhanced dual-
energy digital mammography: feasibility and comparison with
conventional digital mammography and MR imaging in women
with known breast carcinoma. Radiology. 2013;266:743-
51. crossref

Lobbes MB, Lalji UC, Nelemans PJ, Houben I, Smidt ML, Heuts
E, et al. The quality of tumor size assessment by contrast-enhanced
spectral mammography and the benefit of additional breast MRI. J
Cancer. 2015;6:144-50. crossref

ACR Practice Parameter for the Performance of a Breast
Ultrasound Examination. 2014. Available from: http://www.acr.
org/~/media/ACR/Documents/PGTS/guidelines/US_Breast.pdf.
Accessed 22 Feb 2015.

Heinig J, Witteler R, Schmitz R, Kiesel L, Steinhard J. Accuracy of
classification of breast ultrasound findings based on criteria used for
BI-RADS. Ultrasound Obstet Gynecol. 2008;32:573-8. crossref
Hille H, Vetter M, Hackeloer BJ. The accuracy of BI-RADS
classification of breast ultrasound as a first-line imaging method.
Ultraschall Med. 2012;33:160-3. crossref

Loving VA, DeMartini WB, Eby PR, Gutierrez RL, Peacock S,
Lehman CD. Targeted ultrasound in women younger than 30
years with focal breast signs or symptoms: outcomes analyses and
management implications. AJR Am J Roentgenol. 2010;195:1472-
7. crossref

Robbins J, Jeffries D, Roubidoux M, Helvie M. Accuracy of
diagnostic mammography and breast ultrasound during pregnancy
and lactation. AJR Am J Roentgenol. 2011;196:716-22. crossref
Spick C, Baltzer PA. Diagnostic utility of second-look US for
breast lesions identified at MR imaging: systematic review and

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

meta-analysis. Radiology. 2014;273:401-9. crossref

Abe H, Schmidt RA, Shah RN, Shimauchi A, Kulkarni K, Sennett
CA, et al. MR-directed (“Second-Look”) ultrasound examination
for breast lesions detected initially on MRI: MR and sonographic
findings. AJR Am J Roentgenol. 2010;194:370-7. crossref

Lee CH, Dershaw DD, Kopans D, Evans P, Monsees B,
Monticciolo D, et al. Breast cancer screening with imaging:
recommendations from the Society of Breast Imaging and the
ACR on the use of mammography, breast MRI, breast ultrasound,
and other technologies for the detection of clinically occult breast
cancer. J] Am Coll Radiol. 2010;7:18-27. crossref

D’Orsi CJ, Mendelson EB, Ikeda DM, et al. ACR BI-RADS®
Atlas, Breast Imaging Reporting and Data System. Reston, VA:
American College of Radiology; 2003.

Sickles EA, D’Orsi CJ, Bassett LW, et al. ACR BI-RADS®
Mammography. In: ACR BI-RADS® Atlas, Breast Imaging
Reporting and Data System. Reston, VA: American College of
Radiology; 2013.

Schaefer FK, Waldmann A, Katalinic A, Wefelnberg C, Heller
M, Jonat W, et al. Influence of additional breast ultrasound on
cancer detection in a cohort study for quality assurance in breast
diagnosis—analysis of 102,577 diagnostic procedures. Eur Radiol.
2010;20:1085-92. crossref

Kaplan SS. Clinical utility of bilateral whole-breast US in the
evaluation of women with dense breast tissue. Radiology.
2001;221:641-9. crossref

Berg WA, Blume JD, Cormack JB, Mendelson EB, Lehrer D,
Bohm-Vélez M, et al. Combined screening with ultrasound and
mammography vs mammography alone in women at elevated risk
of breast cancer. JAMA. 2008;299:2151-63. crossref

Weigert J, Steenbergen S. The connecticut experiment: the role of
ultrasound in the screening of women with dense breasts. Breast J.
2012;18:517-22. crossref

Hooley RJ, Greenberg KL, Stackhouse RM, Geisel JL, Butler RS,
Philpotts LE. Screening US in patients with mammographically
dense breasts: initial experience with Connecticut Public Act 09-41.
Radiology. 2012;265:59-69. crossref

Brem RF, Lenihan MJ, Lieberman J, Torrente J. Screening breast
ultrasound: past, present, and future. AJR Am J Roentgenol.
2015;204:234-40. crossref

Merry GM, Mendelson EB. Update on screening breast
ultrasonography. Radiol Clin North Am. 2014;52:527-37. crossref
Mainiero MB, Gareen IF, Bird CE, Smith W, Cobb C, Schepps
B. Preferential use of sonographically guided biopsy to minimize
patient discomfort and procedure time in a percutaneous image-
guided breast biopsy program. J Ultrasound Med. 2002;21:1221-6.

. YaoF,LiJ,Wan Y, Zhong Y, Wei W, Tu Y, et al. Sonographically

guided vacuum-assisted breast biopsy for complete excision of
presumed benign breast lesions. J Ultrasound Med. 2012;31:1951-
7.

Yom CK, Moon BI, Choe KJ, Choi HY, Park YL. Long-term
results after excision of breast mass using a vacuum-assisted biopsy
device. ANZ J Surg. 2009;7:794-8. crossref

Kim MJ, Park BW, Kim SI, Youk JH, Kwak JY, Moon HIJ, et al.
Long-term follow-up results for ultrasound-guided vacuum-assisted
removal of benign palpable breast mass. Am J Surg. 2010;199:1-
7. crossref

Fornage BD, Hwang RF. Current status of imaging-guided
percutaneous ablation of breast cancer. AJR Am J Roentgenol.
2014;203:442-8. crossref

Rovera F, Frattini F, Marelli M, Corben AD, Vanoli C, Dionigi G,
et al. Radio-guided occult lesion localization versus wire-guided
localization in non-palpable breast lesions. Int J Surg. 2008;6 Suppl

Hong Kong J Radiol. 2015;18:99-110


http://dx.doi.org/10.1111/j.1524-4741.2011.01152.x
http://dx.doi.org/10.1007/s00330-014-3402-8
http://dx.doi.org/10.2214/AJR.13.11520
http://dx.doi.org/10.1148/radiol.10082176
http://dx.doi.org/10.1118/1.4875980
http://dx.doi.org/10.1016/j.clbc.2013.12.004
http://dx.doi.org/10.2214/AJR.10.5081
http://dx.doi.org/10.1016/j.rcl.2013.12.004
http://dx.doi.org/10.1016/j.ejrad.2009.10.002
http://dx.doi.org/10.1007/s00330-010-1944-y
http://dx.doi.org/10.1148/radiol.12121084
http://dx.doi.org/10.7150/jca.10705
http://dx.doi.org/10.1002/uog.5191
http://dx.doi.org/10.1055/s-0031-1281667
http://dx.doi.org/10.2214/AJR.10.4396
http://dx.doi.org/10.2214/AJR.09.3662
http://dx.doi.org/10.1148/radiol.14140474
http://dx.doi.org/10.2214/AJR.09.2707
http://dx.doi.org/10.1016/j.jacr.2009.09.022
http://dx.doi.org/10.1007/s00330-009-1641-x
http://dx.doi.org/10.1148/radiol.2213010364
http://dx.doi.org/10.1001/jama.299.18.2151
http://dx.doi.org/10.1111/tbj.12003
http://dx.doi.org/10.1148/radiol.12120621
http://dx.doi.org/10.2214/AJR.13.12072
http://dx.doi.org/10.1016/j.rcl.2013.12.003
http://dx.doi.org/10.1111/j.1445-2197.2009.05103.x
http://dx.doi.org/10.1016/j.amjsurg.2008.11.037
http://dx.doi.org/10.2214/AJR.13.11600

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

61.

62.

63.

65.

66.

1:S101-3. crossref

Thind CR, Tan S, Desmond S, Harris O, Ramesh HS, Chagla
L, et al. SNOLL. Sentinel node and occult (impalpable) lesion
localization in breast cancer. Clin Radiol. 2011;66:833-9. crossref
Ahmed M, Douek M. Sentinel node and occult lesion localization
(SNOLL): a systematic review. Breast. 2013;22:1034-40.

Hooley RJ, Scoutt LM, Philpotts LE. Breast ultrasonography: state
of the art. Radiology. 2013;268:642-59. crossref

Barr RG. Elastography in clinical practice. Radiol Clin North Am.
2014:52:1145-62. crossref

Bercoff J, Tanter M, Fink M. Supersonic shear imaging: a new
technique for soft tissue elasticity mapping. IEEE Trans Ultrason
Ferroelectr Freq Control. 2004;51:396-409. crossref

Itoh A, Ueno E, Tohno E, Kamma H, Takahashi H, Shiina T,
et al. Breast disease: clinical application of US elastography for
diagnosis. Radiology. 2006;239:341-50. crossref

Fleury Ede F, Fleury JC, Piato S, Roveda D Jr. New elastographic
classification of breast lesions during and after compression. Diagn
Interv Radiol. 2009;15:96-103.

Sadigh G, Carlos RC, Neal CH, Dwamena BA. Accuracy of
quantitative ultrasound elastography for differentiation of malignant
and benign breast abnormalities: a meta-analysis. Breast Cancer
Res Treat. 2012;134:923-31. crossref

Evans A, Whelehan P, Thomson K, Brauer K, Jordan L, Purdie C,
et al. Differentiating benign from malignant solid breast masses:
value of shear wave elastography according to lesion stiffness
combined with greyscale ultrasound according to BI-RADS
classification. Br J Cancer. 2012;107:224-9. crossref

Chang JM, Moon WK, Cho N, Yi A, Koo HR, Han W, et al.
Clinical application of shear wave elastography (SWE) in the
diagnosis of benign and malignant breast diseases. Breast Cancer
Res Treat. 2011;129:89-97. crossref

Berg WA, Cosgrove DO, Doré CJ, Schifer FK, Svensson WE,
Hooley RJ, et al. Shear-wave elastography improves the specificity
of breast US: the BEl multinational study of 939 masses.
Radiology. 2012;262:435-49. crossref

. Chang JM, Won JK, Lee KB, Park IA, Yi A, Moon WK.

Comparison of shear-wave and strain ultrasound elastography in
the differentiation of benign and malignant breast lesions. AJR Am
J Roentgenol. 2013;201:W347-56. crossref

Lee SH, Chang JM, Kim WH, Bae MS, Seo M, Koo HR, et
al. Added value of shear-wave elastography for evaluation of
breast masses detected with screening US imaging. Radiology.
2014:;273:61-9. crossref

Youk JH, Son EJ, Gweon HM, Kim H, Park YJ, Kim JA.
Comparison of strain and shear wave elastography for the
differentiation of benign from malignant breast lesions, combined
with B-mode ultrasonography: qualitative and quantitative
assessments. Ultrasound Med Biol. 2014;40:2336-44. crossref
Cosgrove D, Piscaglia F, Bamber J, Bojunga J, Correas JM, Gilja
OH, et al. EFSUMB guidelines and recommendations on the
clinical use of ultrasound elastography. Part 2: Clinical applications.
Ultraschall Med. 2013;34:238-53. crossref

. Watermann DO, F6ldi M, Hanjalic-Beck A, Hasenburg A,

Liighausen A, Prompeler H, et al. Three-dimensional ultrasound
for the assessment of breast lesions. Ultrasound Obstet Gynecol.
2005;25:592-8. crossref

Cho N, Moon WK, Cha JH, Kim SM, Han BK, Kim EK, et
al. Differentiating benign from malignant solid breast masses:
comparison of two-dimensional and three-dimensional US.
Radiology. 2006;240:26-32. crossref

Cho KR, Seo BK, Lee JY, Pisano ED, Je BK, Lee JY, et al. A
comparative study of 2D and 3D ultrasonography for evaluation of

Hong Kong J Radiol. 2015;18:99-110

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

WL Yu, JCM Sitt, SY Fung, et al

solid breast masses. Eur J Radiol. 2005;54:365-70. crossref
Hashimoto BE. New sonographic breast technologies. Semin
Roentgenol. 2011;46:292-301. crossref

Jiang J, Chen YQ, Xu YZ, Chen ML, Zhu YK, Guan WB, et
al. Correlation between three-dimensional ultrasound features
and pathological prognostic factors in breast cancer. Eur Radiol.
2014;24:1186-96. crossref

Kelly KM, Richwald GA. Automated whole-breast ultrasound:
advancing the performance of breast cancer screening. Sem
Ultrasound CT MR. 2011;32:273-80. crossref

Kaplan SS. Automated whole breast ultrasound. Radiol Clin North
Am. 2014;52:539-46. crossref

Brem RF, Tabér L, Duffy SW, Inciardi MF, Guingrich JA,
Hashimoto BE, et al. Assessing improvement in detection of breast
cancer with three-dimensional automated breast US in women
with dense breast tissue: the Somolnsight Study. Radiology.
2015;274:663-73. crossref

Drudi FM, Cantisani V, Gnecchi M, Malpassini F, Di Leo N, de
Felice C. Contrast-enhanced ultrasound examination of the breast: a
literature review. Ultraschall Med. 2012;33:E1-7. crossref

Caproni N, Marchisio F, Pecchi A, Canossi B, Battista R,
D’Alimonte P, et al. Contrast-enhanced ultrasound in the
characterisation of breast masses: utility of quantitative analysis in
comparison with MRI. Eur Radiol. 2010;20:1384-95. crossref

van Esser S, Veldhuis WB, van Hillegersberg R, van Diest PJ,
Stapper G, ElOuamari M, et al. Accuracy of contrast-enhanced
breast ultrasound for pre-operative tumor size assessment in
patients diagnosed with invasive ductal carcinoma of the breast.
Cancer Imaging. 2007;7:63-8. crossref

Wan CF, Du J, Fang H, Li FH, Zhu JS, Liu Q. Enhancement
patterns and parameters of breast cancers at contrast-enhanced
US: correlation with prognostic factors. Radiology. 2012;262:450-
9. cross ref

Sardanelli F, Boetes C, Borisch B, Decker T, Federico M,
Gilbert FJ, et al. Magnetic resonance imaging of the breast:
recommendations from the EUSOMA working group. Eur J
Cancer. 2010;46:1296-316. crossref

The Royal College of Radiologists. Guidance on screening and
symptomatic breast imaging. 3rd ed. London: The Royal College
of Radiologists; 2013.

Saslow D, Boetes C, Burke W, Harms S, Leach MO, Lehman CD,
et al. American Cancer Society guidelines for breast screening
with MRI as an adjunct to mammography. CA Cancer J Clin.
2007;57:75-89. crossref

Kuhl CK. Current status of breast MR imaging. Part 2. Clinical
applications. Radiology. 2007;244:672-91. crossref

Ei Khouli RH, Jacobs MA, Mezban SD, Huang P, Kamel IR,
Macura KJ, et al. Diffusion-weighted imaging improves the
diagnostic accuracy of conventional 3.0-T breast MR imaging.
Radiology. 2010;256:64-73. crossref

Melsaether A, Gudi A. Breast magnetic resonance imaging
performance: safety, techniques, and updates on diffusion-weighted
imaging and magnetic resonance spectroscopy. Top Magn Reson
Imaging. 2014;23:373-84. crossref

Baltzer PA, Dietzel M. Breast lesions: diagnosis by using proton
MR spectroscopy at 1.5 and 3.0 T—systematic review and meta-
analysis. Radiology. 2013;267:735-46. crossref

Berg WA, Gutierrez L, NessAiver MS, Carter WB, Bhargavan M,
Lewis RS, et al. Diagnostic accuracy of mammography, clinical
examination, US, and MR imaging in preoperative assessment of
breast cancer. Radiology. 2004;233:830-49. crossref

Morrow M, Freedman G. A clinical oncology perspective on the
use of breast MR. Magn Reson Imaging N Am. 2006;14:363-78,

109


http://dx.doi.org/10.1016/j.ijsu.2008.12.010
http://dx.doi.org/10.1016/j.crad.2011.02.017
http://dx.doi.org/10.1148/radiol.13121606
http://dx.doi.org/10.1016/j.rcl.2014.07.002
http://dx.doi.org/10.1109/TUFFC.2004.1295425
http://dx.doi.org/10.1148/radiol.2391041676
http://dx.doi.org/10.1007/s10549-012-2020-x
http://dx.doi.org/10.1038/bjc.2012.253
http://dx.doi.org/10.1007/s10549-011-1627-7
http://dx.doi.org/10.1148/radiol.11110640
http://dx.doi.org/10.2214/AJR.12.10416
http://dx.doi.org/10.1148/radiol.14132443
http://dx.doi.org/10.1016/j.ultrasmedbio.2014.05.020
http://dx.doi.org/10.1055/s-0033-1335375
http://dx.doi.org/10.1002/uog.1909
http://dx.doi.org/10.1148/radiol.2401050743
http://dx.doi.org/10.1016/j.ejrad.2004.07.006
http://dx.doi.org/10.1053/j.ro.2011.08.001
http://dx.doi.org/10.1007/s00330-014-3135-8
http://dx.doi.org/10.1053/j.sult.2011.02.004
http://dx.doi.org/10.1016/j.rcl.2014.01.002
http://dx.doi.org/10.1148/radiol.14132832
http://dx.doi.org/10.1055/s-0031-1299408
http://dx.doi.org/10.1007/s00330-009-1690-1
http://dx.doi.org/10.1102/1470-7330.2007.0012
http://dx.doi.org/10.1148/radiol.11110789
http://dx.doi.org/10.1016/j.ejca.2010.02.015
http://dx.doi.org/10.3322/canjclin.57.2.75
http://dx.doi.org/10.1148/radiol.2443051661
http://dx.doi.org/10.1148/radiol.10091367
http://dx.doi.org/10.1097/RMR.0000000000000035
http://dx.doi.org/10.1148/radiol.13121856
http://dx.doi.org/10.1148/radiol.2333031484
http://www.clinicalradiologyonline.net/article/S0009-9260%2811%2900156-5/abstract
http://www.umbjournal.org/article/S0301-5629%2814%2900351-2/abstract
http://www.seminarsinroentgenology.com/article/S0037-198X%2811%2900070-8/abstract
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1876179/?report=reader

Advances in Breast Imaging

85.

86.

87.

88.

89.

91.

92.

110

V1. crossref

Chang JM, Han W, Moon HG, Yi A, Cho N, Koo HR, et al.
Evaluation of tumor extent in breast cancer patients using real-
time MR navigated ultrasound: preliminary study. Eur J Radiol.
2012;81:3208-15. crossref

Pons EP, Azcon FM, Casas MC, Meca SM, Espona JL. Real-
time MRI navigated US: role in diagnosis and guided biopsy of
incidental breast lesions and axillary lymph nodes detected on
breast MRI but not on second look US. Eur J Radiol. 2014;83:942-
50. crossref

Fausto A, Rizzatto G, Preziosa A, Gaburro L, Washburn MJ,
Rubello D, et al. A new method to combine contrast-enhanced
magnetic resonance imaging during live ultrasound of the breast
using volume navigation technique: a study for evaluating
feasibility, accuracy and reproducibility in healthy volunteers. Eur J
Radiol. 2012;81:€332-7. crossref

Hillman BJ, Harms SE, Stevens G, Stough RG, Hollingsworth AB,
Kozlowski KF, et al. Diagnostic performance of a dedicated 1.5-T
breast MR imaging system. Radiology. 2012;265:51-8. crossref
Lindfors KK, Boone JM, Nelson TR, Yang K, Kwan AL, Miller
DF. Dedicated breast CT: initial clinical experience. Radiology.
2008;246:725-33. crossref

. O’Connell A, Conover DL, Zhang Y, Seifert P, Logan-Young

W, Lin CF, et al. Cone-beam CT for breast imaging: Radiation
dose, breast coverage, and image quality. AJR Am J Roentgenol.
2010;195:496-509. crossref

Prionas ND, Lindfors KK, Ray S, Huang SY, Beckett LA, Monsky
WL, et al. Contrast-enhanced dedicated breast CT: initial clinical
experience. Radiology. 2010;256:714-23. crossref

O’Connell AM, Kawakyu-O’Connor D. Dedicated Cone-beam
Breast Computed Tomography and Diagnostic Mammography:
Comparison of Radiation Dose, Patient Comfort, And Qualitative
Review of Imaging Findings in BI-RADS 4 and 5 Lesions. J Clin

93.

94.

95.

96.

97.

98.

99.

Imaging Sci. 2012;2:7. crossref

Vedantham S, O’Connell AM, Shi L, Karellas A, Huston AJ,
Skinner KA. Dedicated Breast CT: Feasibility for Monitoring
Neoadjuvant Chemotherapy Treatment. J Clin Imaging Sci.
2014;4:64.

Herranz M, Ruibal A. Optical imaging in breast cancer diagnosis:
the next evolution. J Oncol. 2012;2012:863747 . crossref

Pearlman PC, Adams A, Elias SG, Mali WP, Viergever MA, Pluim
JP. Mono- and multimodal registration of optical breast images. J
Biomed Opt. 2012;17:080901-1. crossref

Leff DR, Warren OJ, Enfield LC, Gibson A, Athanasiou T, Patten
DK, et al. Diffuse optical imaging of the healthy and diseased
breast: a systematic review. Breast Cancer Res Treat. 2008;108:9-
22. crossref

Moon JH, Kim HH, Shin HJ, Kim H, Ko MS, Gong G.
Supplemental use of optical diffusion breast imaging for
differentiation between benign and malignant breast lesions. AJR
Am J Roentgenol. 2011;197:732-9. crossref

Zhi W, Gu X, Qin J, Yin P, Sheng X, Gao SP, et al. Solid breast
lesions: clinical experience with US-guided diffuse optical
tomography combined with conventional US. Radiology.
2012;265:371-8. crossref

Poellinger A, Burock S, Grosenick D, Hagen A, Liidemann L,
Diekmann F, et al. Breast cancer: early- and late-fluorescence near-
infrared imaging with indocyanine green—a preliminary study.
Radiology. 2011;258:409-16. cross ref

100.Holbrook A, Newel MS. Alternative screening for women with

dense breasts: breast-specific gamma imaging (molecular breast
imaging). AJR Am J Roentgenol. 2015;204:252-6. crossref

101 .Rechtman LR, Lenihan MJ, Lieberman JH, Teal CB, Torrente J,

Rapelyea JA, et al. Breast-specific gamma imaging for the detection
of breast cancer in dense versus nondense breasts. AJR Am J
Roentgenol. 2014;202:293-8. crossref

Hong Kong J Radiol. 2015;18:99-110


http://dx.doi.org/10.1016/j.mric.2006.07.006
http://dx.doi.org/10.1016/j.ejrad.2012.02.006
http://dx.doi.org/10.1016/j.ejrad.2014.03.006
http://dx.doi.org/10.1016/j.ejrad.2011.11.001
http://dx.doi.org/10.1148/radiol.12110600
http://dx.doi.org/10.1148/radiol.2463070410
http://dx.doi.org/10.2214/AJR.08.1017
http://dx.doi.org/10.1148/radiol.10092311
http://dx.doi.org/10.4103/2156-7514.93274
http://dx.doi.org/10.1155/2012/863747
http://dx.doi.org/10.1117/1.JBO.17.8.080901
http://dx.doi.org/10.1007/s10549-007-9582-z
http://dx.doi.org/10.2214/AJR.10.5102
http://dx.doi.org/10.1148/radiol.12120086
http://dx.doi.org/10.1148/radiol.10100258
http://dx.doi.org/10.2214/AJR.14.13525
http://dx.doi.org/10.2214/AJR.13.11585



