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ABSTRACT

Breast cancer constitutes about one-quarter of all cancers and is the leading cause of cancer death in women. To reduce
breast cancer mortality, mammographic screening programmes have been implemented in many Western countries.
However, these programmes remain controversial because of the associated radiation exposure and the need for
improvement in terms of diagnostic accuracy. Phase-contrast imaging is a new X-ray-based technology that has been
shown to provide enhanced soft-tissue contrast and improved visualization of cancerous structures. Furthermore, there is
some indication that these improvements of image quality can be maintained at reduced radiation doses. Thus, X-ray
phase-contrast mammography may significantly contribute to advancements in early breast cancer diagnosis. Feasibility
studies of X-ray phase-contrast breast CT have provided images that allow resolution of the fine structure of tissue that
can otherwise only be obtained by histology. This implies that X-ray phase-contrast imaging may also lead to the
development of entirely new (micro-) radiological applications. This review provides a brief overview of the physical
characteristics of this new technology and describes recent developments towards clinical implementation of X-ray

phase-contrast imaging of the breast.

CHALLENGES IN CURRENT BREAST CANCER
DIAGNOSIS AND SCREENING

Breast cancer is the most common cancer in women in
both the developed and the developing world." In the USA
and European countries about one in eight women will
develop invasive breast cancer during the course of her
lifetime.” Although mortality has continuously declined
over the past decades, probably as a consequence of cancer
screening programmes and improved systemic therapy,
breast cancer continues to be the most common cause of
cancer death in women.’

Since the disease stage at the time of diagnosis appears to
be one of the most critical factors for survival, early de-
tection by breast cancer screening remains one of the
cornerstones of breast cancer control. It is estimated that
2-7 of 15 expected breast cancer deaths can be avoided per
1000 screening participants, thus achieving a mortality
reduction of 20-25%.* Nevertheless, the rate of missed
lesions and the rate of false-positive recalls in the existing
screening programmes remain crucial. In recent years,
digital full-field mammography has significantly improved

mammography image quality and increasingly replaced
conventional film mammography. However, the sensi-
tivity of digital screening mammography for lesion de-
tection remains fairly low at about 62—-88%.> In specific
subgroups, the sensitivity is even lower, e.g. 60% in
females younger than 50 years, and as low as 33% in
women at elevated familial risk for breast cancer.® Hence,
the early and reliable detection of breast carcinoma
remains a challenge.

Tomosynthesis is a procedure developed from digital mam-
mography for slice examination of breasts, which limits the
effects of overlapping tissue. Recent screening studies have
shown moderate superiority of two-view tomosynthesis to
conventional mammography.”'° Recent research efforts have
furthermore focused on the development of CT imaging of
the breast.''? Breast CT meets many demands as an ideal
tool for breast examination, such as full three-dimensional
capability, quantitative tissue density assessment, high iso-
tropic spatial resolution, reproducibility and standardization,
low patient dose and acceptable costs. However, like mam-
mography and tomosynthesis, the technology is limited by
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the intrinsically low soft-tissue contrast, which poses limits on the
accurate differentiation of glandular and tumour tissue.

Alternative techniques for breast cancer diagnosis include ultra-
sound and MRI. In recent years, ultrasound has become an out-
standing method to investigate breast disease in young females'’
but remains time consuming, operator dependent and of limited
value in breast involution. Contrast-enhanced breast MRI has been
shown to be highly sensitive for the detection of cancer lesions.>'*
However, the specificity of breast MRI is still relatively low, leading
to possible overdiagnosis and unnecessary biopsy.'> Moreover,
breast MRI requires exclusion of patients with contraindications for
MR examination or administration of intravenous contrast agent.
Thus, these techniques are time consuming and cost intensive and
remain not applicable to a breast cancer screening setting.

Phase-contrast imaging

Phase-contrast imaging is fundamentally a new X-ray-based imag-
ing method that exploits the phase shift that occurs when X-ray
waves pass through different components of a material.'® Recent
experimental studies have shown that phase-contrast imaging yields
improved soft-tissue contrast and can reveal the fine structure of
tissue that is invisible to absorption-based imaging. If successfully
transferred to a clinical setting, the technology may therefore have
a significant impact on breast cancer diagnosis, characterization and
treatment. This article briefly summarizes the different technical
approaches for the implementation of this novel method and reviews
recent advances towards clinical implementation in breast imaging.

PHASE-CONTRAST TECHNOLOGY

When X-rays penetrate matter, both attenuation and phase-shift
effects of the X-ray wave are defined by the complex index of
refraction n. The refractive index can be writtenasn =1 — & + i3,
where & is related to the phase shift and i3 determines the atten-
uation. The propagation of an electromagnetic wave through
a medium with refractive index # is described by

W(r) = Ege™
which can be expanded to
q,(r) — Eoei(l - 8)kre — Bkr

The first and second exponential terms describe the shift in phase
and decrease in amplitude of a wave penetrating a medium of
refractive index n, respectively.

Conventional X-ray-based imaging technology relies entirely on
the detection of the attenuation (i.e. the decrease in amplitude)
of electromagnetic X-ray waves (Figure 1). The differences in
attenuation, and thus image contrast, depend on tissue density:
the denser a certain type of tissue, the less radiation will pene-
trate. Additionally, the X-ray wave penetrating a medium with
refractive index n gets phase shifted relative to the original X-ray
wave (Figure 1). This phase shift is detected in phase-contrast
imaging. For more detail, also see Als-Nielsen and McMorrow.'®

The tissue density differences in breast tissue are small, and the
contrast obtained by attenuation (absorption) is thus limited.
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Therefore, the X-ray energies used in mammographic imaging are
typically low (20-30kV) compared with conventional X-ray im-
aging. At these energies, small differences in the refractive index have
a higher impact on the phase than on the absorption (Figure 1).
Thus, phase-shift-based imaging has the potential to improve image
contrast compared with pure absorption-based imaging. However,
just like absorption, phase-shift effects are smaller at higher X-ray
energies and whether phase-contrast imaging can be realistically
performed at very high energies (i.e. very low mean glandular doses)
is still a matter of debate.'”'® Nevertheless, studies at synchrotron
sources suggest that phase-contrast imaging can be performed at
radiation doses compatible with clinical imaging.'”*° Thus, in
a clinical setting, phase-contrast imaging could be exploited either
to yield images of enhanced contrast at equal dose or to provide
images of equal quality at reduced dose.

DETECTING PHASE INFORMATION

Several methods have been described to effectively extract X-ray
phase information for phase-contrast imaging. The most common
techniques include propagation-based imaging (PBI), analyser-
based imaging, crystal interferometry and grating interferometry. A
brief description of these methods is provided below; for a more
detailed review that exceeds the scope of this article, see Momose*!
and Bravin et al.”?

Crystal interferometry

Crystal interferometry is one of the oldest methods of X-ray
phase detection (Figure 2a).»** It requires a perfect silicon
crystal that splits the X-ray beam, with only one-half of the
beam traversing the object. Both beams are reunited in front of
the detector and phase shifts within the object can be detected
based on their interferences.”> The technique is extremely sen-
sitive to the smallest phase shifts induced in the object, but also to
environmental disturbances, and is characterized by a small field
of view. These difficulties lead to the fact that it is practically no

Figure 1. X-rays encounter changes in intensity and phase when
traversing an object. Compared with an X-ray wave bypassing
the object (bottom), an X-ray wave travelling through an
object (top) experiences changes in amplitude (attenuation)
and phase. The degree of attenuation roughly depends on
material density; the strength of the phase shift on the electron
density. The complex index of refraction n for X-ray waves can
be expressed as n=1-6+iB, where § is proportional to the
phase shift and /B is proportional to absorption. For biological
tissues and the X-ray energies typically used in breast imaging,
8 is significantly larger than iB.
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Figure 2. Examples of phase detection techniques. (a) Crystal interferometry. A monochromatic X-ray beam is split by a silicon
crystal. One-half of the beam traverses the object before both beams are reunited in front of the detector. (b) Propagation-based
imaging. Partially coherent (polychromatic) X-rays pass through the object before meeting the detector. If the distance between
object and detector is small (d,), only absorption information is recorded in the resulting image. Increasing the distance between
object and detector (d,) yields a composite image that contains both absorption and phase information. (c) Analyser-based
imaging. Phase information is extracted by a silicon analyser positioned in the X-ray beam. (d) Grating-based interferometry set-up
with a conventional X-ray tube source. X-rays originating from the tube source are masked by a source grating before traversing the
object. Subsequent phase and analyser gratings allow detection of pure phase, dark-field and absorption information, which can be

calculated from the intensities recorded by the detector.
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longer widely used in experimental breast imaging. Furthermore,
crystal interferometry requires a monochromatic parallel X-ray
beam, hampering future clinical implementation.

Propagation-based imaging

PBI requires the simplest set-up and is therefore considered a very
robust method suitable for clinical implementation (Figure 2b).>>*°
Indeed, all published patient trials of phase-contrast imaging of the
breast to date have been performed using this technique, which is
able to detect X-ray phase shifts by simply increasing the distance
between object and detector’”*” > (Figure 2b). However, the
method requires a large degree of coherence in the X-ray beam and
typically produces a small field of view, as it requires detectors with
pixel sizes in the few microns range (or alternatively sources with
a source size in the few microns range).

Analyser-based imaging/diffraction-

enhanced imaging

Analyser-based imaging (ABI)/diffraction-enhanced imaging
(DEI) vyields relatively large fields of view (in one direction), but
depends on an analyser crystal for effective phase detection, which
renders the set-up very sensitive to vibrations and other dis-
turbances, and requires monochromatic and parallel X-ray radi-
ation (Figure 2c).””’! Using synchrotron radiation, the technology
has been successfully used to perform a number of important
feasibility studies of phase-contrast breast imaging.'®**~°

Grating interferometry
Grating interferometry with synchrotron radiation requires two
gratings placed between an object and detector to extract X-ray
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phase information.”' Implementation of a third grating between
the X-ray source and object has allowed the technique to be
successfully applied to conventional clinical X-ray tubes®®
(Figure 2d). Grating-based interferometry can cope with the
relatively broad spectra provided by conventional X-ray sources
and yields fields of view of up to several centimetres in diameter.
For these reasons, it is currently the most efficient phase-
contrast imaging method when applied to clinical X-ray sources.
Furthermore, the technique allows for quantitative imaging.””°
Also, grating interferometry intrinsically provides access to
a third contrast modality, X-ray dark-field imaging, which
enhances microstructures in a sample due to X-ray scattering.*

CURRENT DIRECTIONS IN PHASE-CONTRAST
IMAGING OF THE BREAST

Given the additional contrast provided by phase-contrast imag-
ing, the technology may improve current diagnostic technologies
or may allow the development of novel modalities for breast
cancer characterization. Consequently, recent research efforts in
the field can be roughly classified into (1) studies aiming to im-
prove soft-tissue contrast and hence clinical performance in
mammography and (2) feasibility analyses exploring maximum
achievable results in tissue fine-structure characterization using
phase-contrast CT on ex vivo breast specimens.

Phase-contrast mammography

Studies on excision specimens recorded with ABI at a synchro-
tron radiation source suggest that phase-contrast mammography
allows better visualization of structural details than conven-
tional digital mammography.”*”” In particular, the images in these
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analyses accurately reveal fine collagen strands, and observers
were able to precisely delineate boundaries between glandular and
adipose tissue in phase contrast, but not in conventional digital
specimen radiography.’* These studies furthermore suggest that
remodelling of collagen during cancer growth can be correlated to
contrast changes in ABI.>> However, the individual contributions
of the high-quality X-ray beam and the phase-contrast signal to
the improved mammographic images could not be distinguished
in these analyses. Furthermore, PBI at synchrotron sources shows
that phase-contrast mammographic images of breast tumour
excision samples are able to outperform corresponding
absorption-based images, suggesting that implementation of the
technology could allow a certain dose reduction in clinical
mammography.'”
Williams et al*' assessed the performance of PBI mammog-
raphy of excision samples and mastectomies taken from 72
patients applying a conventional microfocus X-ray tube.
Evaluation of image quality by blinded scorers showed that the
propagation-based images in this trial resulted in higher scoring
outcomes than corresponding absorption-based images recorded
by the same system.*' Furthermore, image analysis of five mas-
tectomy samples by grating interferometry on a conventional
X-ray tube source suggests that combined phase-contrast, absorp-
tion and dark-field images may improve diagnostic capabilities,
including refined visualization of small tumours and tumour
boundaries.*?

Initial patient trials of phase-contrast mammography have been
devised to assess whether the improved image quality suggested
by studies on ex vivo specimens translates to improved clinical
performance.”>*’2**> A recent clinical trial of phase-contrast
mammography with synchrotron radiation was performed at the
SYRMEP beamline of the Elettra synchrotron in Trieste, Italy.”**
All 47 patients who completed this trial had previously undergone
digital mammography and ultrasound examinations at a local
hospital but received an unclear diagnosis. In this patient pop-
ulation, the reference clinical mammograms had a specificity and
sensitivity of 52% and 69%, respectively, whereas PBI mam-
mography at the synchrotron resulted in specificity and sensitivity
values of 94% and 81%.>" In each case, either biopsy or 1-year
follow-up was used as the standard of reference. This outcome
suggests that PBI mammography with synchrotron radiation may
increase the number of true negatives and may therefore be
particularly suitable as a second-level examination following
clinical mammography. However, a more careful clinical evalu-
ation of a population with lower prevalence and including in-
dependent readings and receiver operating characteristic analyses
will be necessary to fully judge the technology’s added value.
Furthermore, improved image quality in this trial (Figure 3) can
be partially attributed to improved X-ray beam characteristics at
the synchrotron, such as monochromaticity, non-divergence and
spatial coherence, rather than the phase effect itself. This is in line
with clinical trials performed with a prototype digital full-field
phase-contrast mammography system using a conventional tube
X-ray source and PBI technology.”’~*° Initially, receiver operating
characteristics curves for the detection of microcalcifications
or masses in a pilot trial of 38 patients suggested improved
performance compared with screen—film mammograms.*

S D Auweter et a/

Figure 3. Comparison of clinical mammograms with
propagation-based imaging mammograms recorded at a syn-
chrotron source. (a) Mediolateral oblique digital mammogra-
phy image and (b) corresponding digital zoom image, showing
a suspicious mass (arrow). (c) Findings on the synchrotron ra-
diation mammographic image (recorded with propagation-based
imaging technology) and (d) corresponding digital zoom image
confirm and better depict the spiculated mass. Reproduced with
permission from the Radiological Society of North America.?°

Furthermore, the system appeared to improve visualization of
subtle density variations or abnormal fibrous structures in highly
dense breasts.”®> However, when applied to an asymptomatic
screening population of >3000 patients, digital full-field phase-
contrast mammography did not result in statistically different
recall or cancer detection rates.”” It will be interesting to evaluate
the performance of other phase detection techniques, such as
grating interferometry, in a clinical non-synchrotron setting. A
first prototype system for potential clinical trials, using coded
aperture detection in combination with grating interferometry, is
currently under development.** An example of a differential phase
image of an ablated breast recorded by grating-based mammogra-
phy is shown in Figure 4. The image highlights the power of phase-
contrast imaging in enhancing the outlines of certain tissue
structures, such as collagen strands (K Scherer and S Grand],
2013, personal communication).

Phase-contrast breast CT

CT studies on isolated tumour-bearing breast tissue samples and
recorded with synchrotron radiation yield images with excellent
soft-tissue contrast compared with absorption-based images of
the same specimens.”>”” The improved visibility of tissue mor-
phology and collagen architecture provides evidence that phase-

4 of 8 Dbjrbirjournals.org

Br J Radiol;87:20130606


http://bjr.birjournals.org

Review article: X-ray phase-contrast imaging of the breast BJR

Figure 4. Absorption (a), phase-contrast (b) and dark-field (c) grating-based mammography images (craniocaudal) of an ablated
breast recorded with a conventional X-ray tube source. The images are of a 52-year-old patient and show the complete remission of
an angiosarcoma after neoadjuvant chemotherapy. The differential phase image enhances the edges of tissue structures and thus

depicts collagen strands more clearly. The dark-field image is particularly sensitive for calcifications.

contrast imaging can obtain radiological images with excellent
correspondence to histology, suggesting that phase-contrast CT
may allow deeper insight into the fine structure of tissue than
conventional imaging modalities. This was confirmed by a study
that compared the grating interferometry-derived phase-contrast
signal in a sample containing invasive ductal carcinoma with
that of ductal carcinoma in situ (DCIS). Phase-contrast imaging
of this specimen revealed a high-contrast signal outlining the
intraductal components and coinciding with the walls of the
dilated ductules of the DCIS, as judged by comparison with
histopathology.*> Corresponding absorption-based images were
unable to resolve these structures (Figure 5). Taken together,
these studies imply that phase-contrast CT could assist ex vivo
tissue analysis following surgery, when rapid evaluation of tu-
mour boundaries is needed for surgical quality control. Fur-
thermore, if successfully translated to in vivo applications, it may
assist breast cancer diagnosis by providing advanced insight into
tumour morphology and differentiation between cancerous and
unaffected tissues.

Indeed, first steps have been taken towards clinical imple-
mentation of dedicated phase-contrast breast CT. For example,
Pani et al'® have evaluated the feasibility of breast tomography at
the Elettra synchrotron radiation facility, using the same in vivo
breast imaging set-up that was used to complete the clinical
mammography trial mentioned above. Their analysis of fresh
post-mortem whole breast samples from healthy donors shows
that phase-contrast breast CT can be recorded at clinically ac-
cepted radiation doses.'® More recently, it was shown that ABI/
DEI performed at the European synchrotron radiation facility is
capable of imaging large whole-breast samples at energies as
high as 70 keV.'® Advanced image reconstruction algorithms that
can cope with a significantly reduced number of recorded pro-
jections allowed further dose reduction in phase-contrast breast
CT data sets, down to levels approaching those of current clinical
dual-view mammography without loss of phase-contrast image
quality.*® Furthermore, detailed theoretical considerations suggest
that breast CT applications may indeed benefit from imple-
mentation of phase-contrast technology.”” Thus, future patient

Figure 5. Direct comparison of absorption and phase-contrast breast CT. Experimental absorption-contrast (a) and phase-contrast
(b) tomographic images recorded at the European synchrotron radiation facility. The grey-scale bars represent Hounsfield units
(absorption contrast) and phase-contrast Hounsfield units (phase contrast), respectively. The sample presented here contains
invasive ductal carcinoma, as well as ductal carcinoma /n situ. Phase-contrast images reveal contrast differences within the tumour
that are not resolved by absorption-based imaging. In particular, circular structures of high phase contrast within ductal carcinoma
in situ are better resolved in phase-contrast images and coincide with ductal walls and the basement membrane. Conversely,
calcifications are better seen in absorption-based images, underlining the complementary nature of the methods. For more details,
see Sztrokay et al.*®
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trials of phase-contrast breast tomography appear feasible. It
should be noted, however, that the phase-contrast breast tomog-
raphy studies mentioned above were carried out at synchrotron X-
ray sources, where rotating gantries cannot be implemented. It will
thus be exciting to see the results of the first phase-contrast breast
CT studies using conventional X-ray tubes. A first study of this
kind has recently been published by Grandl et al.** Based on
selected samples, the authors show that grating-based phase-
contrast CT at a conventional X-ray source provides comple-
mentary information to conventional absorption contrast, albeit at
radiation doses far exceeding those deemed clinically acceptable.

DARK-FIELD IMAGING OF BREAST SAMPLES

As briefly mentioned above, in addition to absorption and phase
images, grating interferometry also yields a dark-field image. This
dark-field image is sensitive to the small-angle scattering ability of
the sample and can reveal microstructures within specimens that
are smaller than the pixel pitch of the detector.*’ Indeed, high
contrast in the dark-field signal of mastectomy specimens has been
shown to correlate with tumour regions containing micro-
calcifications.*” In some instances, dark-field imaging was able to
reveal micrometre-sized calcifications that were invisible in cor-
responding absorption and phase-contrast images and in clinical
mammography.”® Figure 4 shows an example of a dark-field image
of an ablated breast. Calcifications cause a particularly strong signal
in this image. Potential future applications of in vivo dark-field
mammography may include diagnosing calcified breast tumours,
and it may be particularly advantageous for accurate diagnosis of
multifocal invasive tumours in dense breasts. However, the di-
agnostic value of such images still needs to be investigated.

CONCLUSIONS

Despite great improvements, established breast imaging techniques
continue to suffer from shortcomings. Mammography faces the
problem of tissue superposition and low tumour—tissue contrast,
ultrasonography highly depends on the experience of the examiner
and MRI requires the application of intravenous contrast agents.
The studies above have demonstrated the feasibility and added value
of phase-contrast and dark-field imaging of the breast. A clinical
trial of phase-contrast mammography at a synchrotron radiation
source showed better sensitivity and specificity than reference clinical
mammograms. Phase-contrast breast CT analyses have provided
images with improved delineation of tumour boundaries and en-
hanced intratumour soft-tissue contrast compared with conventional
images.

Thus, implementation of phase-contrast technology in existing
breast imaging set-ups might provide additional information, es-
pecially in equivocal findings. Phase-contrast technology might

S D Auweter et a/

depict tumour spread as well as extension of intraductal carcinoma
more precisely, which often exceed the mammographically
depicted microcalcifications. So far, improved patient outcome of
phase imaging in breast cancer screening has been demonstrated
at a synchrotron source.”’ Access to synchrotron sources, however,
is highly restricted and thus the use of synchrotron radiation does
not appear feasible for comprehensive screening programmes or
routine analyses. Research within the next decade will thus have to
reveal whether improved clinical outcome in phase-contrast breast
cancer screening can be maintained at conventional X-ray tubes.
Studies using conventional X-ray tubes that suggest added clinical
value have so far largely been performed at X-ray doses and mea-
surement times that far exceed accepted clinical values.*>** However,
technical advancements (e.g. optimized detectors, X-ray tubes or
image reconstruction algorithms) of the existing highly experimental
systems may lead to significant improvement of these parame-
ters. Future research efforts aiming at in vivo clinical imple-
mentation of phase-contrast imaging of the breast should thus
focus on transferring the technology from synchrotron to con-
ventional X-ray sources and on optimizing set-ups for minimal
radiation exposure.

Furthermore, phase-contrast imaging might serve as a tool for the
examination of ex vivo specimens. The re-excision rate after breast
cancer surgery as a result of incomplete excision can reach
40%.”"™ Since tumour involvement of resection margins is as-
sociated with an elevated risk of local recurrence, intraoperative
histological analysis of frozen sections for fast evaluation of margin
involvement is the current diagnostic tool. However, diagnostic
accuracy is inferior to the analysis of permanent sections.”* In
trials assessing the value of micro-CT as a complementary method
to histopathology in evaluation of resection margin involvement,
margin involvement was slightly overestimated.” The improved
soft-tissue contrast and visibility of fine structures as offered by
phase-contrast CT might provide additional information in ex vivo
diagnosis of breast tissue.
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