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Abstract

Phase-contrast and dark-field imaging utilizing Talbot-Lau interferometry is a
novel and promising approach to provide radiologists with a strongly enhanced
soft-tissue contrast in medical diagnostics. Especially in the case of mammography,
conventional absorption-based imaging suffers from an inherently poor contrast,
which results in high recall and unsatisfying cancer detection rates, most noticeably
among young patients. The ultimate goal of this thesis is to answer the question
whether phase-contrast mammography can address these shortcomings, while being
applied to routine breast screening. Therefore, a compact phase-contrast mam-
mography setup was specifically designed within a laboratory environment, where
the retrieval of full-field mammograms is practicable. By means of a case study that
investigated un-fixated breast abladates, we demonstrate that phase-contrast mam-
mography in comparison to standard examination provides a significantly enhanced
detection quality of tumor strands, lesion borders, and small nodules. Further, we
propose dark-field mammography as an in vivo tool for the assessment of breast
microcalcification, with the purpose of reducing the number of unnecessary inva-
sive procedures. Moreover, we verify clinical compatibility of phase-contrast
mammography, by presenting the very first dose-compatible phase-contrast mam-
mograms of a freshly dissected, cancerous mastectomy specimen at a medically
meaningful sample compression. Finally, we demonstrate that dark-field radiogra-
phy is well suited for the differentiation of renal stones as well as detection of
radiolucent calculi. Based on the results presented here, we are fully convinced that
phase-contrast mammography has the potential to complement conventional
screening and that the development of a clinical scanner should hence be of highest
priority.
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Supervisor’s Foreword

Since the discovery of X-rays in the year 1895 by Wilhelm Conrad Rontgen, X-ray
imaging has been an indispensable tool in medical diagnostics, and ranges from
simple radiography applications to advanced CT imaging protocols. This thesis has
focused on the research to improve radiography, and particularly mammography
applications, by using a novel X-ray imaging modality, which exploits the wave
nature of X-rays, rather than just their absorption in tissue. This novel
phase-contrast approach has the potential to deliver significantly improved diag-
nostic information, especially also in the case where mammography is used for
screening purposes. Here the novel scatter-sensitive dark-field signal opens up
totally new possibilities in the assessment of various diseases and disorders of the
human body.

Kai Scherer, in his thesis, has carried out several studies—in strong interdisci-
plinary collaboration with medical doctors at two university clinics in Munich—and
has been able to demonstrate clearly this diagnostic potential in pre-clinical
experiments. Thereby, a broad range of potential applications—ranging from the
assessment of breast cancer over the evaluation of microcalcification clusters to the
examination of renal stones—has been investigated. Further he addressed the key
points for a successful implementation of this technique to a clinical routine in the
near future, by presenting the very first dose-compatible and rapid scan time
phase-contrast mammograms using a laboratory-based scanner.

He has published several solid and highly interesting publications in
peer-reviewed journals, given a number of conference talks, and composed a sound
and complete thesis document.

Garching Prof. Franz Pfeiffer
January 2016
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Chapter 1
Preamble

Ich fand ganz zufillig, dass die Strahlen schwarzes Papier
durchdringen.
Wilhelm Rontgen

1.1 Motivation and Historical Background

In the year 1895, Wilhelm Réntgen discovered a novel electromagnetic radiation
while investigating cathode rays, which he signified with an “X” for being of yet
unknown type [1]. By accident, he found that the latter yield the capability of pen-
etrating black paper which is typically opaque for visible light. This observation
prompted him to repeat the experiments with optically intransparent matter. Uti-
lizing a photographic plate, Rontgen managed to retrieve the first radiography of
a human hand and phalanges, by which he unwittingly laid the foundation for all
modern X-ray applications, including medical diagnostics, non-destructive testing,
security screening and fundamental research. For a very long time, X-rays were
solely utilized to reveal high density-fluctuations within a sample, by simply map-
ping differences in the transmission of photons through the investigated specimen,
using photosensitive plates and later electronic detectors.

In contrast, for visible light already more than 200 years ago, first “dark-field”
techniques were utilized to complement conventional bright-field microscopy [2].
While initial approaches did not use any additional optical devices, but instead relied
on a special positioning of the background illumination, small animals and blood
components could be successfully imaged. Modern techniques rely on a condenser
which is directly placed in the beam path to prevent rays from reaching the ocular
lens. When inserting an object, incident rays are scattered at sub-structures of the
specimen and deflected into the ocular, which results in a bright, contoured depiction
of the latter on a dark background. Figure 1.1a shows a dark-field micrograph of a
thin paper-tissue (bottom) alongside with its respective bright-field contrast (top) [3].
A further breakthrough in conventional microscopy took place in the years 1934 and

© Springer International Publishing Switzerland 2016 1
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1936, when Frits Zernike invented and the Carl Zeiss AG built the first phase-contrast
microscope, respectively [4, 5]. Especially for biomedical imaging, this development
was of immense importance, since soft-tissue samples, which had so far been yet
virtually transparent, could be visualized by mapping their refraction properties.

For along time, a translation of this effort towards X-ray imaging was unsuccess-
ful, contingent on the fact that phase-shift induced refraction angles are in the range
of nano-radians. This, as well as the circumstance that the fabrication of X-ray optics
is even nowadays complex, makes a direct measurement of these angles difficult. The
very first X-ray interferometer was developed by Bonse and Hart in the year 1965
comprising a beam-splitter optics composed of three single crystals [6]. Crystal-
interferometry grounds on a collimated, monochromatic beam which is split-up into
sample-probing and reference beam. By coherently re-combining both beams, after
being deflected by the specimen, distortions imprinted on the reference interference
pattern can be analysed, by which information on the phase-shifting properties of
the specimen are deduced. This technique, however proved to be unsuitable for a
broad clinical implementation, being too sensitive for even moderate phase-shift dif-
ferences, requiring an extremely high system stability in range of sub-Angstrom,
offering a very limited field-of-view, while additionally requiring long exposure
times.

Within the 1990s, additional phase-sensitive methods have been steadily devel-
oped, including analyser-based (diffraction-enhanced) imaging [7, 8]. Here an
analyzer crystal, is positioned behind the sample in Bragg-geometry, which is then
subsequently rotated with respect to the incident beam to obtain the angular dis-
tribution of the refracted X-rays. The obtained rocking curves can then be related
to the differential phase properties of the specimen. Furthermore, in the year 1995
propagation-based phase-contrast imaging (in-line holography) gained major inter-
est, as it does not require any kind of X-ray optics [9, 10]. By taking multiple
images at various propagation distances, the wave-front is sampled in spatial and
frequency domain, by which a decomposition in phase-shift and absorption contri-
butions becomes feasible.

Considering a broad integration into a clinical routine, the aforementioned phase-
sensitive techniques, however, share one common obstacle: they are mostly restricted
to synchrotron facilities, since demanding very high standards with respect to either
beam quality (spatial and/or temporal coherence, collimation), flux or setup stabil-
ity. While micro-focus tubes would be compact enough for a clinical environment,
and also provide sufficient spatial coherence, they exhibit a very limited photon
flux only, which would result in unacceptable examination times when performing
mammography.

A first step towards overcoming these limitations was undertaken by the inven-
tion of a Talbot interferometer, which offers a large field-of-view, while being rather
insensitive with respect to the X-ray polychromaticity of conventional sources [11,
12]. These interferometers make use of a beam-splitter grating, which creates an
interference pattern at distinct beam propagation distances. If operated with clinical
detectors, a second, highly-absorbing grating is required to accurately sample the
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Fig. 1.1 Bright-field/Transmission and dark-field imaging with visible light and X-rays. a Bright-
(top) and dark-field (bottom) micrograph of a tissue-paper at tenfold magnification. Images adapted
from Wheeler, R. (2010) [3]. b Large field-of-view X-ray transmission (fop) and dark-field radi-
ography (bottom) of a lizard obtained with a laboratory Talbot-Lau interferometer. In comparison
to visible light microscopy, X-ray radiography offers the possibility to probe optically dense and
extended samples

evoked intensity modulations. When introducing a sample, the wave-front is mod-
ified which results in a distortions of the interference pattern and the generation
of so-called “Moiré fringes”. Initially, signal extraction relied on Fourier Analy-
ses of the latter, whereas the achievable spatial resolution is restricted to the fringe
period [13]. With the goal of providing a higher spatial resolution, a phase-stepping
procedure was developed later on, which relies on a step-wise sampling of the inten-
sity modulations through translation of the grating. The key-milestone for a future
clinical implementation of phase-sensitive X-ray interferometry was accomplished
in 2006, with the introduction of a third, highly-absorbing grating [14, 15]. This
element essentially decouples the X-ray source from the stringent beam coherence
requirements for phase-sensitive X-ray imaging, rendering the latter compatible with
compact, high-flux sources as used in clinical systems.

Of special diagnostic interest is the fact, that this so-called “Talbot-Lau” arrange-
ment, is not only sensitive to beam refractions, but in addition also to diffuse angular
deflections caused by a specimen [16]. Similar to the dark-field contrast in the case
of visible-light microscopy, X-ray dark-field imaging relies on small-angle scatter-
ing caused by substructures on the (sub)-micron scale, however with the advantage
of being capable of penetrating through optically dense matter. Figure 1.1b shows a
large field-of-view, side-by-side illustration of a formalin-fixed lizard once depicted
in the X-ray dark-field channel (bottom) and once illustrated by the transmission
signal (top), obtained by the Talbot—Lau interferometer implied for this thesis.

Current research is mostly focussing on the identification of diagnostic applica-
tions arising from phase-contrast and dark-field imaging, including, among others,
diseases and disorders of the lung, bones, arteries and kidneys [17-19]. Here, great
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potential is expected, since pathological changes do not necessarily imply an alterna-
tion of tissue density, but instead are frequently accompanied by structural changes
on the cellular level. Further, immense effort is put in the translation of lab-based
setups into (pre)-clinical systems, in order to address concerns regarding radiation
dose and scan time, with the ultimate goal of enabling first reader studies and verify-
ing results in a statistically relevant framework. Recently, the first radiography and
tomography studies on living mice have been reported [20].

Within the assembly of clinical diagnostics, the female breast holds a special posi-
tion with respect to phase-sensitive radiography: it is routinely and in first instance
investigated with radiographic screening, which however suffers from a low sen-
sitivity and specificity, particularly pronounced among the examination of young
women. While MRI and sonography avoid ionizing radiation and provide an overall
enhanced sensitivity, they are time-consuming and costly and therefore only applied
as a supplemental screening modality. Further, phase-sensitive imaging offers new
possibilities in the assessment and detection of microcalcifications, tissue borders
and architectural distortions, which play an essential role in breast disease diag-
nostics. Therefore, phase-sensitive mammography is considered to yield enormous
potential to revolutionize current diagnostic reliability while being applicable as a
screening modality without increasing clinical examination time, costs or efforts
regarding infrastructure. Finally, the female breast is an exterior organ, hence can
be investigated with rather soft X-rays, which relaxes requirements with respect to
grating fabrication, X-ray sources and polychromaticity.

Yielding favourable capabilities and preconditions, phase-contrast mammography
attracted major interest in scientific and industrial research, which recently resulted
in the development of a first pre-clinical, slit-scanning mammography unit, built by
the Philips GmbH [21]. While encouraging, since intrinsically avoiding the phase-
stepping procedure, concerns arise with respect to imaging sensitivity and phase-
retrieval accuracy.

1.2 Outline

Ensuing from this recent milestone, the ultimate goal of this thesis is to push phase-
contrast mammography towards a potential clinical implementation. This is done,
by first verifying its diagnostic surplus value as a screening modality and then sub-
sequently demonstrating that phase-contrast mammography can be operated in a
clinically compatible manner. For this purpose, a general check-list was put up a
priori, summarizing the key-requirements, which a novel imaging technique has to
fulfil in order to replace/refine conventional screening mammography.
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Key requirements

#1 Must be a modality-integrated one-step approach.
#2 Should be an upgrade/similar to a conventional system.
#3 Must provide isotropic detection sensitivity.
#4 Must provide an enhanced visualization of high-frequency image contents.
#5 Must provide an increased soft-tissue contrast in dense breast.
#6 Must provide a refined classification of microcalcifications, if detection-
rates/sensitivity are increased.
#7 Must meet dose requirements according to international guidelines.
#8 Must fulfil image quality/detection criteria set by the American College of
Radiology.
#9 Should not increase examination time and staff resources.
#10 Must be compatible with tomosynthesis.
#11 Should be a multi-purpose application.

Each chapter aims at addressing certain points of the check-list, while additionally
providing the reader with the necessary background information. After this introduc-
tion the thesis is organized as follows:

Chapter?2 gives an overview on the interaction between X-rays and matter and
elucidates on a physical basis, why phase-contrast and dark-field imaging exhibit
the potential to excel conventional absorption-based mammography. Afterwards the
theoretical background underlying the imaging technique used in this study is intro-
duced. Talbot-Lau interferometry intrinsically provides three image contrasts at
once, among these also the conventional absorption image (#1), which renders it
compatible with the existing, clinical data-pool as well as the education of radiolo-
gists. Finally, this chapter concludes with a brief summary of the female breast, its
structure and pathological changes associated with the latter.

Chapter 3 is devoted to the development of a compact, grating-based X-ray phase-
contrast mammography setup. Here, we show that the systems yields a hardware
design very similar to a conventional mammography unit, while also being capable
of performing within a laboratory environment (#2). The second part of this chapter
briefly introduces the python-library mammo1ib, which is used for obtaining com-
prehensive, full-field phase-contrast mammograms.

Chapter 4 presents the first two-directional, phase-contrast mammograms of a can-
cerous mastectomy sample, which in combination succeed at providing full feature
sensitivity, independently from grating direction (#3). We further illustrate that the
phase image enables an extraordinary good depiction of high-frequency features, yet
unseen within the absorption channel (#4). This chapter concludes with a benchmark
of mono- vs. bi-directional measurements alongside with a comparison of various
phase-retrieval algorithms.
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Chapter 5 comprises the central results regarding the diagnostic value of phase-
contrast mammography as a screening modality. By means of a case study including
the investigation and work-up of four freshly dissected ablates, we show that phase-
sensitive imaging provides image content (both cancerous and non-cancerous) yet
unseen in conventional, clinical examination, including magnetic resonance imaging
and sonography, nevertheless being of high diagnostic value (#5).

Chapter 6 presents a dose-compatible, diagnostic tool for the assessment and risk
stratification of breast microcalcifications using dark-field mammography (#6).
Based on microtexture analysis, we propose a refined grading of calcifications to
promote a reduction of breast-biopsies and recall-rates. This is of special importance
considering that an increase in microcalcification detection sensitivity, provided by
scatter-sensitive imaging, is only beneficial if accompanied by a corresponding gain
in specificity.

Chapter7 is dedicated to the clinical compatibility of laboratory-based, phase-
contrast mammography. Here, we present the very first dose-compatible (#7) and
rapid scan time phase-contrast mammograms of both a freshly dissected mastectomy
specimen and a mammographic accreditation phantom (#8). The trimodal image con-
trast is presented in a comprehensive manner and benchmarked with conventional,
state-of-the-art mammograms and verified with respect to current detection criteria
(#9). This chapter concludes with a proof-of-principle study on dark-field tomosyn-
thesis (#10).

Chapter 8 elucidates scatter-sensitive, dark-field radiography as a tool for the assess-
ment of renal calculi (#11). Here we show that a highly sensitive and specific differ-
entiation of calcium oxalate and uric acid stones is feasible, utilizing their inherent
differences with respect to chemical composition, microscopic growth structure and
morphology. Finally, we investigate in-vivo transferability of this technique by mea-
suring a preliminary abdomen phantom.

Chapter9 gives a summary of the result presented in this thesis. Further, current
shortcomings, challenges and potential next steps associated with phase-contrast
mammography are discussed.

1.3 General Remarks

This thesis is written in book-style, comprising two background chapters and five
result chapters, which can be read independently from each other. Correspondingly,
each chapter contains its own introduction and bibliography. Additionally, the result
chapters include a short abstract as well as an overview of three core statements,
which are framed for better readability. Figures that have a supplementary movie
are indicated by a tape-sign and can be accessed using the corresponding link or
QR-code in Appx. A. Following clinical conventions the mammograms presented
here are generally not accompanied by a quantitative colormap, contingent on an
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extensive post-processing applied to the latter. Further, measurements underlying
this thesis were conducted with different scan directions. Single and crossed arrows
within the figures indicate mono- and bi-directional measurements, respectively.
Unless specified otherwise, the standard scan direction is horizontal, i.e. from left to
right.

Finally, this study includes the investigation of human specimens; hence was
conducted in accordance with the Declaration of Helsinki and was approved by
the local ethics committee (Ethikkommission of the Ludwig-Maximilian-University,
Munich). All participants gave written informed consent before inclusion after ade-
quate explanation of the study protocol.
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Chapter 2
Introduction and Theoretical Background

If the facts don’t fit the theory, change the facts.
Albert Einstein

Abstract In this chapter the theoretical background underlying this thesis is
presented to the reader. Hereby, special focus is put on interpreting and motivating
theoretical considerations directly in the context of mammography. At first a descrip-
tion on how X-rays interact with matter alongside with the respective interaction
cross sections is given, which follows considerations made by Als-Nielsen and
McMorrow (Elements of modern X-ray physics, 2011, [1]) and Willmott (An intro-
duction to synchrotron radiation: Techniques and applications, 2011, [2]). The drawn
conclusions exemplify why phase-sensitive imaging techniques yield the potential to
prevail conventional absorption-based methods in the field of soft-tissue assessment.
Afterwards the theoretical framework for grating-based imaging utilizing X-ray Tal-
bot interferometry is introduced. Moreover, the adjustments which are necessary to
translate “idealized” grating-based imaging towards clinical implementation are out-
lined. Finally, this chapter concludes with a brief overview on the morphology and
pathological changes of the female breast as well as the clinical diagnostics and the
options of treatment associated with the latter.

2.1 Interactions of X-Rays with Matter

X-rays are electromagnetic waves with wavelengths ranging from 0.1 to 100 A. One
differentiates “hard” from “soft” X-rays, if they exceed an energy of 5-10keV. In
the case of medical imaging, hard X-rays are used to achieve a sufficient penetra-
tion of tissue. Here, X-rays can interact with the tissue, more precisely its atoms,
in various ways. The impinging photon can either be scattered and/or photoelectri-
cally absorbed. In the case of scattering, elastic processes (wavelength of the photon
is preserved during interaction) are distinguished from inelastic interactions (wave-
length of the photon is altered during interaction). Elastic scattering at a free, charged
© Springer International Publishing Switzerland 2016 9
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particle is called Thomson scattering, while the sum of coherent scattering at bound
electrons is described by the Rayleigh formalism. In a semi-classical picture this
process can be understood as an incident photon accelerating an electron, which in
turn emits a photon with the same wavelength, albeit of different direction of propa-
gation. In contrast, in the case of inelastic scattering, which is termed as the Compton
effect, the photon “collides” with the electron, by which energy is transferred to the
electron, while the photon experiences a respective decrease in frequency.

Conventional absorption-based imaging comprises mostly contribution from
inelastic processes, namely photoelectric absorption and Compton scattering (elas-
tic Rayleigh scattering is of minor impact only), while phase-contrast formation
solely relies on elastic contributions. Utilizing the phenomenological concept of the
complex refractive index, adapted from the description of visible light, the afore-
mentioned interactions, which cause wave diffraction when encountering an object,
can be summarized. A more detailed description of the respective absorption and
phase-shift cross sections and their dependency on X-ray energy and target material
characteristics is given the following subsections.

2.1.1 Complex Refractive Index

In the case of X-rays (§ < 1), the complex refractive index of a medium is typically
written as

~—— ~—
[elastic]  [inelastic]

where ¢ denotes the refractive index decrement, which is associated with elastic
interactions between the photon and the penetrated medium, and [ is the imaginary
part of the refractive index, which is predominately related to the respective inelastic
processes. Consider an ideal, plane wave-front W, propagating in z-direction within
vacuum (n = 1, 0 = 0, # = 0), which can be written as

\IJU (;," t) — \IJO ei(/‘c‘;—wt) — \IJO ei(kz—wt)’ (22)

where k = 0,0,k = 27”) denotes the wave-vector, A is the wavelength, w is the
angular frequency, and W is the wave-amplitude. When the wave-front enters a
medium with complex refractive index n the wave-vector k is modified to kn, as
schematically depicted in Fig.2.1a. Therefore the modified wave can be re-written
in terms of the incident wave by

_ i(nkz—wt) __ —iwt (1-0)ikz ,—Pkz __ —idkz —[Gkz
U, (z,1) = W e =Ype e e =W,(z,1)- e - e
m ( ) 0 0 v )

[phase-shift] [attenuation]

(2.3)
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(a) (b)

SSSS

Fig. 2.1 Arttenuation and phase-shift of X-rays. a When a wave-front W,, travels through a medium
with complex refractive index n, it experiences a decrease in wave-amplitude by AA as indicated
by blue arrows, which is associated with the imaginary part of the refractive index. Further the
perturbed wave W, receives a shift in the wave-phase by A® as indicated by red arrows, which
is associated with the decrement of refractive index. b When a wave-front travels through a phase
prism (3 = 0), a local variation in wave-shift implies a refraction of the wave by an angle a, with
respect to the incident wave-front. Note that peaks of the excited waves are aligned on a line (dashed
line), which is titled by the angle o, with respect to the horizontal

Hence, after travelling through a medium with thickness d, the wave-amplitude and
wave-phase of the exit-wave are modified by a factor e*¢ and e "%  respectively.

2.1.2 Attenuation of X-Rays

The intensity / of an electromagnetic wave is given by the square of the absolute
value of its wave-function. Accordingly, the transmission value 7 can be calculated
from the ratio of beam intensities before /,(z = 0) and after traversing a medium
I,,(z = d) with thickness d, using

e Y d P o2k

T(d) = = = 2.4)
L,0) ¥, (0,0
Comparing this result to the Beer—Lambert equation
In(d) .4
T(d)=—==¢" 25
(d) Lo " © (2.5)

with ¢ denoted the linear attenuation coefficient, shows that i equals 2k 3. Note that
the decrease in wave-amplitude caused by a medium is given by

AA =W, — W, = W, (1 — e k0, (2.6)
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2.1.3 Phase-Shift and Refraction of X-Rays

From Eq. 2.3, we can see that a wave-front, that passes through a medium experiences
a relative phase-shift A®, which equals

AD = dkz. 2.7)

As a consequence thereof the perturbed wave is additionally refracted by an angle
o, with respect to the horizontal, incident wave-front. This effect becomes under-
standable when considering a plane of waves, that travels in z-direction through a
phase prism (3 = 0), as schematically depicted in Fig.2.1b. With respect to their
x-coordinate each of the waves undergoes a different phase-shift A®(x), which is
dependent on the actual optical path length of the prism p(x), and given by

AD(x) =kdp(x). (2.8)

From Fig.2.1b, we can see that the phase-shifted waves have their peaks mutually
aligned on a line, that is tilted by o, with respect to the horizontal. Hence, the exciting
wave-front can be considered as an array of in-phase waves with altered direction
of propagation. Using geometrical considerations and small-angle approximation,
the refraction angle o, can be directly associated with the induced phase-shift, more
precisely its first derivative, by [3]

10®(x, y)
kK Ox

ay, A sin(ay) = 2.9)
In the more general case of three-dimensional objects, where material entities change
throughout the object, the aforementioned equations have to be extended by an inte-
gral in propagation direction, i.e.

T(x,y) = e 2/ Prdz (2.10)
AD(x, y) =k/5(x,y,z)dz, @11
and 190(x,y) O
.x,y
x (X, == — o(x,y,2)dz. 2.12
e y) = ax/("”“ 2.12)

In the following, we estimate typical refraction angles of X-rays in the case of soft-
tissue. Consider a wave in medium (n,,), that is impinging on the interface between
the medium and vacuum (n,) at an incident angle ;, (with respect to the interface
orthogonal): after refraction the exit-wave exhibits an angle v,, (with respect to the
interface orthogonal), that is determined by Snell’s law as
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N Sin(’yin) =Ny Sin(’}/ex)' (2.13)

Assuming that the reflections are of minor magnitude only, which is justified by the
fact that § is much smaller than unity and defining the refraction angle « as difference
between the exit (7., ) and the incident angle (v;,), shows that « is given as

N Yin = Yex = QO+ Vins (2.14)
a =iy — 1) = =730, (2.15)

Since « is negative, v;, is larger than ~,,, which implies a refraction of the wave
towards the surface orthogonal. For energies typically used for phase-contrast mam-
mography, i.e. <40keV, & ranges in the order of 1077107 (Fig.2.2b), which
accounts for refraction angles being in the regime of micro-degrees/nano-radians.
Hence, to directly resolve X-ray refractions, either a long propagation distance or
detectors with ultra-small pixel pitch are required, both being incompatible with
clinical requirements. More advanced methods, which utilize optical elements to
indirectly retrieve the phase information, are explained in Sect.2.2.

Cross section [barn/atom]

Energy [keV] Energy [keV]

Fig. 2.2 Absorption and phase-shift characteristics of water at clinical X-ray energies. a Contri-
butions to the total absorption cross section of water af}[bzso, as indicated by dashed line. Up to an

energy of 30keV the photoelectric absorption (afll;%) is the prevailing interaction between photons
and water atoms. In the case of higher X-ray energies, the Compton effect (Uﬁl";g) is the dominating

interaction. Rayleigh scattering (alr_?zyo) is hardly contributing to the absorption cross section, albeit
is the prominent interaction for the generation of the phase-shift. b Decrement J and imaginary
part (3 of the refractive index of water. Note that, § exceeds (3 by up to four orders of magnitude.
Besides, ¢ decreases proportionally to the square energy E 2, in comparison to 3 which decreases
proportionally to E~*. Data obtained from XOP [4]
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2.1.4 Absorption and Phase-Shift Cross Section

With the goal of illustrating the benefits arising from phase-contrast in comparison
to attenuation-based imaging the underlying interactions of photons with matter are
investigated in more detail in the following. In a semi-classical picture, the interaction
of X-rays with matter can be considered as a scattering process of an incoming electric
field €, (k) at the charge distribution of an atom. Here, the incoming electric field
€in(k) forces the bound electrons of an atom to harmonically oscillate. In return,
they emit an outgoing electric field, which exhibits the shape of spherical waves
Eour (k) X €ip (I;) %, more precisely determined to

ikR
- N e
leous (P, k, E, R)| = —r.P f(q, E) |5in|T . (2.16)

———
spherical wave

Here r, denotes the classical electron radius, Pisa factor, which accounts for the
polarisation of the field, f(g, E) is the atomic scattering factor, § = k' — k is the
scattering vector and R is the distance from the scattering event. The atomic scattering
factor, which defines the interaction process, is termed to

f(q. E) = fo(@) + fi(E) —ifa(E), 2.17)

where fo(q) is the energy-independent form factor, which describes scattering at
free electrons and f;(E) and if,(E) are dispersions corrections, which account for
energy-dependent interactions with the bound electrons of the atom, respectively.
In the case of elastic scattering, which is confined to the forward direction (g ~ 0),
the complex refractive index n can be directly associated with the atomic scattering
factor f(g ~ 0, E), utilizing

AN
i (fo(0) + fi(E) —if2(E)), (2.18)

n(E)y=1- o

where N denotes the atomic number density. Further the form factor fj is defined as
the Fourier Transform of the charge distribution p(r). In the considered case where
scatter prevails in the forward direction the Fourier Transform equals an integration in
real space. And therewith corresponds to the overall number of charges incorporated
by the atom, which is equivalent to the atomic number Z, since

folg =0) = / p(r)ed*r = Z. (2.19)

Further, the real part of the dispersion coefficient f; can be neglected if X-ray
energies are far from the absorption edges of the investigated material. This holds
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true for soft-tissue, which typically comprises low Z elements only, with absorption
edges being far below the X-ray energies utilized for breast imaging. Carbon, oxy-
gen and calcium for instance show characteristic absorption edges at 0.28, 0.53 and
4.0keV, respectively. Correspondingly, Eq.2.18 can be simplified to

r AIN ) F AEN F AN
(Z4+0—ifp(E))=1— Z +i 1 (2.20)
2 2 2
——— ————

[0] (81

n(E)~1-—

When we compare Eq.2.20 derived above against Eq.2.1, introduce the atomic
absorption o® and phase-shift cross section o”", and additionally substitute NZ
with the electron density p,, we see that § and ¢ are given by

FeN2N AN g
B(Z,E) = = ; (2.21)
27 47
re)\zp, AN gPha
5(Z,E) = = . (2.22)

2 2w

In comparison to the phase-shift cross section, which solely relies on elastic scat-
tering the total absorption cross section o?% comprises multiple energy-dependent
contributions

O_abS(Z’ E) = gy + O,pho + geom + O_pai’ (223)

where o™ is the Rayleigh scattering cross section, which denotes elastic scattering at
the bound electrons of an atom. Photoelectric absorption (¢P"°) describes the effect
of a photon being completely absorbed by an inner-shell electron. If the photon
energy exceeds the electron binding energy, the atom is ionized and the respective
photo-electron emitted from the atom. Compton scattering (c°°™) corresponds to
inelastic scattering and is given as the incoherent sum of scattering at the electrons
of an atom. Here, the photon collides with an electron, which accompanies an energy
transfer from the photon to the recoiling electron. Contingent on the conservation
of energy and momentum the photon further experiences an increase in wavelength
during the scatter event. Pair production (o) requires photon energies above 1 MeV
and hence does not play any role for soft-tissue X-ray imaging. Figure 2.2 gives an
exemplary overview on the energy dependency of the various cross sections in the
case of water, which is chosen as a soft-tissue representative. Up to an energy of
approximately 30keV photoelectric absorption is the dominating interaction. For
X-ray energies exceeding this value, the Compton effect is on the onset of prevailing
the total absorption cross section. Finally, Rayleigh scattering is only of minor impact
for the generation of absorption-based imaging contrast, albeit it is the prominent
interaction for the phase-shift cross section.
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The photoelectric cross section itself is heavily dependent on the atomic number
of the absorbing material and rapidly decays with X-ray energy. Far from absorption
edges the following proportionality holds true [5]:

ZS
P EER (2.24)
Note that in the case of very hard X-rays the photoelectric cross section is propor-
tional to Z>E~!. In comparison to Eq.2.24, the phase-shift cross section is directly

proportional to the atomic number and decreases only linearly with photon energy
by

A
o o = (2.25)
E

This distinct difference in energy dependence renders phase-sensitive techniques
beneficial for soft-tissue (low Z materials) imaging applications such as mammog-
raphy: one possibility to reduce the radiation dose is to increase the mean X-ray
energy. While the absorption cross section is rapidly decreasing, hence a deposi-
tion of radiation dose within the breast minimized, the phase-shift cross section
remains nearly unaltered. Besides, exhibiting a “beneficial” energy dependence,
phase-sensitive imaging further profits from an intrinsically increased contrast gen-
eration: § strongly exceeds the corresponding 3 with respect to the absolute value,
e.g. in the case of water the ratio of the latter amount to up to four orders of magnitude
(Fig.2.2b).

The Compton scattering cross section o°®™ can be obtained by multiplying the
relativistic Klein—Nishina cross section with the number of interacting electrons Z
and is therefore proportional to

Z E<m,
com oY%

X —— Z, (2.26)
E +m,

where m, denotes the electron rest mass [6]. Note that within the energy regime
investigated here, which is well below the rest energy of an electron, the Compton
o™ and phase-shift cross section oP" yield both a linear dependency in Z. This
circumstance is of major importance for the multi-modality of phase-sensitive imag-
ing. In the case of low X-ray energies, absorption-based and phase-sensitive imaging
yield complementary images, since probing intrinsically different contrasts. In the
case of high X-ray energies, i.e. when the Compton effect prevails the total absorption
cross section, this complementarity is lost in a step-wise manner, as Eq. 2.26 shows
that both cross sections only rely on the electron density of the probed sample. Nev-
ertheless, phase-sensitive imaging is still attractive at very hard X-rays, since ¢ is
decreasing much slower than § with respect to photon energy [7].



2.2 Grating-Based Imaging 17

2.2 Grating-Based Imaging

2.2.1 The Talbot Effect

In the year 1836 Henry Fox Talbot discovered that periodically absorbing structures
(like gratings) produce a self-imaging phenomenon if illuminated with coherent,
visible light. Hereby, the induced intensity modulations re-occur after certain propa-
gation distances (Talbot distances) downstream of the absorber in beam direction [8].
Lord Rayleigh analytically demonstrated that the Talbot effect arises from Fresnel
diffraction (near-field diffraction) and that the full Talbot distance d7 is determined
by

A
dr = — -~ (2.27)

_ _ A
1 1 P

where )\ denotes the wave length of the illuminating ray and p; corresponds to the
period of the absorbing structure [9]. In the case of X-rays, A ranges in between
0.1 and 100A, and hence is much smaller than the period of gratings implied for
phase-sensitive imaging, which are typically in the size of microns. Thus, the Taylor

series expansion can be used to approximate the square root in Eq.2.27, resulting in

a Talbot distance of )
A rem 2P1

AP
= (1-5)
An intuitive verification of the Talbot effect can be given by calculating the propa-

gation of a plane wave Wy (x), which impings on a binary grating, dependent on the
propagation distance z, using the Fresnel transform

dr = (2.28)

W (x) = F P (k) FIWo ()] (2.29)
Here f’z (k) denotes the Fresnel propagator function, which is given as
P, (ky) = eFemiki/k, (2.30)

where k, and k are the x-component and the norm of the wave vector, respec-
tively [10]. Further, the Fourier transform of the periodic wave function F[W(x)]
can be considered as a sum of delta-functions, which are only non-zero at frequencies
k,, that are multiple integers m of the term 27/ p;. Hence we can simplify Eq.2.29

to
2mm

W (x) = Wo(x) F ! |:ﬁz (kx = p—)} : (2.31)
1

Considering the case that the propagation distance z equals one full Talbot distance
dr, the modified Fourier space propagator function of Eq.2.31 can be re-written as
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A 2mm i i
Py, (kx =- ) S A B (2.32)
pP1 .
[phase-factor] ~ [1]

Hence P;T (ky = 2;—1’”) corresponds to a constant phase-factor only, that is indepen-
dent from both k, and m, i.e. does not alter the amplitude/intensity of the wave.
Consequently the incident wave-front repeats itself with a periodicity of dy.

Since absorption gratings reduce the photon flux by a factor of two, which is
undesirable for imaging with respect to scan time and radiation dose, it is beneficial
to use phase-shifting gratings. Here the wave-front is “patterned” by alternatingly
shifting its phase, rather than attenuating its amplitude [11, 12]. It is important to
note that, when using a phase-shifting grating, the imprinted phase modulation does
not imply an immediate change in wave-amplitude, but instead is converted into an
intensity modulation downstream the grating. Thereby maximal intensity modula-
tions are found for so-called “fractional Talbot distances” [13, 14]. Here the phase
grating functions as a beam-splitter, which diffracts the incoming X-ray beam into
“sub-bundles” that yield diffraction orders of mostly —1 and 1 (The unperturbed wave
yields the order O, respectively). Correspondingly, the divided beams can then re-
interfere at these fractional Talbot distances d,,, which are dependent on the imprinted
phase-shift by

16 (2.33)
dr for %—shift, n=1,3,5...

[np—f =nd for m-shift,n = 1,3,5...

d, =1"% 6 ’ >

Contingent on Eq. 2.7 adesired phase-shift of A® = 7wor A® = /2 canbe achieved
by tuning the sample material and its thickness according to the respective X-ray
design energy. Typically, materials with a high electron density are used, among oth-
ers nickel and gold, to relax requirements with respect to the material thickness, i.e.
grating height. The aforementioned interference effect can be visualized by simulat-
ing the propagation of a fully coherent wave-front after transversing a phase grating.
Figure2.3a, b show the so-called “Talbot carpet” in the case of a 7 /2-shifting and
m-shifting grating with a duty-cycle of 0.5 (phase-shifting material incorporates a
width of p;/2) up to a propagation distance of one full Talbot distance dr, respec-
tively. Maximum beam interference comes to existence for odd numbers of n only,
as indicated by dashed lines. In the case of a 7/2-shifting grating the 1st (n = 1)
and 3rd (n = 3) fractional Talbot distances are displayed. Further, the interference
pattern yields a longitudinal periodicity of dr /4 and a transversal periodicity p, of
p1. In contrast, in the case of a w-shifting grating the longitudinal and transversal
periodicity are quartered and halved, respectively, and given as

2 (2.34)

LU for -shift
Pr = ——
p1 for Z-shift

Note that the displayed Talbot carpets correspond to a mono-energetic and spatially
coherent wave-front. In the case of a source with limited transverse (extended source
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1/4 Propagation distance [dy] 3/4 1

1/16 3/16 5/16 Propagation distance [dy] 11/16 13/16 15/16 1

Fig. 2.3 Talbot carpets of coherently illuminated phase-shifting gratings. Talbot carpet generated
by a 7 /2-shifting (a) and 7-shifting phase grating (b), yielding maximal intensity modulations at
fractional Talbot distances d,,, as exemplarily indicated by dashed lines. Note that the period of the
evoked intensity modulation p; is halved in the case of a 7w-shifting phase grating. Figure adapted
from Weitkamp T. et al. (2006) [13]

size) and temporal coherence (finite bandwidth), the Talbot carpet is blurred with
increasing propagation distance and is given as superposition of energy-dependent
contributions, respectively [15, 16].

2.2.2 X-Ray Talbot Interferometry

As calculated above (cf. Eq.2.15), typical refraction angles induced by soft-tissue
components are in the regime of micro-degrees. Hence, when using clinical detectors
with pixel-sizes of hundreds of microns together with a compact setup geometry, the
aforementioned refraction and small-angle scattering effects remain unnoticed. The
basic idea of a Talbot grating interferometer is to track changes of the interference
pattern (as described in Sect. 2.2.1) when introducing a specimen into the beam path,
and relate these to the intrinsic sample properties [17]. This approach is practicable
only if the interference pattern itself yields transverse intensity modulations, which
are of the same order of magnitude as the evoked alternations. According to Eq.2.34,
this requirement can be fulfilled by using phase gratings with periods in the range of
(sub)-microns [18].

While it is possible to directly resolve the intensity pattern with a high-resolution
detector, the obtainable field-of-view is very limited, contingent on the fact that the
usage of high-flux point sources is assumed [19]. In order to overcome this constraint,
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i.e. to accurately sample the intensity modulations and quantify the impact of the
specimen on the interference pattern with a coarsely-pixelated detector, a second
so-called “analyser” grating with period p», is implemented downstream the X-ray
beam [20]. By moving the analyser grating perpendicular to the propagation distance
over one full grating-period the intensity pattern can be sampled step-wise, which
is referred to as the phase-stepping scan [21]. It is of crucial importance that the
analyser grating is placed at a fractional Talbot distance d,, so that the reference
pattern yields maximal intensity modulations and respective alternations of the latter
can be tracked accurately. Further the analyser grating has to be matched with the
transverse periodicity of the interference pattern

P2 = pr. (2.35)

X-ray
source

phase
grating
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Fig. 2.4 Working principle of a Talbot grating interferometer. A phase grating creates an inter-
ference pattern with transverse intensity modulations downstream of the interferometer, arising
from the Talbot self-imaging effect. When introducing a specimen the wave-front experiences local
distortions, that result in changes of the intensity pattern: decrease of the overall (mean) intensity
of the inference pattern, due to absorption (red block). Transverse shift of the interference pattern
due to wave-refraction (blue prism). Decrease of the interference pattern amplitude, contingent on
a loss of local coherence, due to diffuse, uncorrelated small-angle scattering (green oval). Since the
evoked alternations are in (sub)-micron regime an analyser grating is implemented to precisely track
the latter, if clinical detectors with a limited spatial resolution are utilized. Note that the angle « is
given as a rough estimate, which is dependent on the sensitivity of the interferometer. Further the
interference pattern is sine-shaped, since a X-ray generator with extended source size is assumed
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Figure 2.4 gives an overview on how a specimen can alter wave-characteristics of an
impinging X-ray beam, alongside with the accompanied changes introduced to the
interference pattern.

Wave modifications

e Decrease of the overall (mean) intensity of the inference pattern due to absorp-
tion, as indicated by the red block.

e Transverse shift of the interference pattern, due to local refraction, as indicated
by the blue phase prism.

e Decrease of the interference pattern amplitude, caused by a loss of local
coherence due to small-angle scattering, as indicated by the green oval.

Note that small-angle scattering can be considered as a beam refraction process which
however surpasses the sensitivity of the interferometer. In comparison to phase-shift
related beam deviations, small-angle scattering yields uncorrelated, diffuse angular
deflections of very small magnitude, which results in a “smearing” rather then shifting
of the interference pattern, attributed to a local degradation of wave-front coherence.

2.2.3 Phase-Stepping

Within the phase-stepping scan either of the gratings is moved over one full grating
period perpendicular to the beam direction and multiple images are taken at inter-
mediate grating positions x,. One can easily imagine that the phase-stepping curve
yields minimal intensity, if the absorber grating bars superimpose the interference
pattern maxima and yields a maximum, if the latter are conveniently displaced by
half a grating period. To assure a meaningful sampling of the interference pattern
a sufficient attenuation of the X-rays is required. Therefore the analyser grating is
typically made of highly absorbing materials such as gold, with grating heights of
50-160 wm. Such microstructures can be fabricated by applying deep-etching or
photolithography to a substrate layer, i.e. definition of the grating pattern, followed
by a subsequent filling of the mask with the desired material via electro plating (a
detailed description can be found in David C. et al. (2007) [22]).

Inthe case of anidealized illumination the interference pattern features an intensity
modulation that is box-shaped (as sketched in Fig.2.3). Correspondingly the phase-
stepping curve yields a triangular shape if sampled (convoluted) with an analyser
grating that exhibits a flat-top absorption profile. However, considering that X-ray
sources have a finite source size, which can be modelled by a Gaussian distribution,
the generated intensity modulations and phase-stepping curve exhibit a wave- and
sine-shape, respectively. Figure 2.5 shows the respective phase-stepping curves of
a blank scan (solid line), which maps the pure interference pattern and a respec-
tive sample scan (dashed line) sampling the interference pattern, which is modified
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Fig. 2.5 Retrieval of the trimodal image contrast via phase-stepping. In order to precisely analyse
and record the interference pattern, one of the two gratings is subsequently moved in a step-wise
manner perpendicular to the alignment of the grating bars. By comparing the flat-field (blank line)
and sample phase-stepping curve (dashed line) through Fourier analysis, the transmission image
T, differential phase signal 07 and the visibility map V of the specimen can be simultaneously
retrieved. Following clinical conventions the absorption and dark-field image are displayed, which
are derived as transmission and visibility signal with an inverted gray-scale, respectively

by attenuation, refraction and small-angle scattering processes. In order to utilize
grating-based imaging with clinical, large field-of-view detectors, a reference scan
over the full active imaging area (flat-field) is conducted prior to measurements,
in order to account for imperfections, such as Moiré Fringes (see Chap.3) and an
irregular beam illumination.

The intensity /(x,, x, y) measured during a phase-stepping scan at interlaced
grating positions x,, can be described using a Fourier-series

I(xg, x,y) = Zan(x y) cos (27mp— — dulx, y)) (2.36)

n=0

where x, y denote the detector coordinates and a,,, ¢, are the amplitude and phase
coefficients, respectively. In the case of limited beam coherence, where the projected
source size s* itself is not significantly smaller than the interference pattern period
Py, it is sufficient to consider only the first two order terms (n < 1) [23]:
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s*> L
I(xg,x,y) =" ap(x,y) +a cos (27T:—g — ¢1(x, y)) . (2.37)

t
Here, the projected source size s* is defined as

. d

st = Sl_” (2.38)
where s is the source size, I’ is the distance between the X-ray source (see also
Sect.2.2.5) and phase grating, and d the distance between phase and analyser grat-
ing, respectively (note that the phase grating is considered as a “sample” in this
case). When using conventional X-ray sources, where the aforementioned condition
s* > #- holds true, the phase-stepping curve is consequently of sinusoidal shape
(oscillation amplitude a;, phase ¢;) additionally yielding an offset ay. The “qual-
ity” of the interference pattern, which is an important performance parameter of the
grating interferometer, is given by how pronounced the intensity oscillation a; is in
comparison to the mean intensity value ay. This parameter is associated with the
so-called “flat-field visibility” V’, i.e. normalized oscillation amplitude, by

r _al(x,)’)
Vi =oay

(2.39)
From an analytic point of view at least three data points have to be acquired, for
the purpose of accurately fitting the stepping curve with a sine-function. To enhance
computing speed the retrieval of the phase-stepping curve is typically implemented
via Fourier analysis.

2.2.4 Contrast Retrieval

Since soft-tissue samples generally attenuate, refract and scatter an incident beam at
the same time, it is necessary to retrieve and separate the underlying contributions
from a single phase-stepping curve. In the following the superscript (") and (*) denote
the curve parameters related to the reference (flat-field) and sample scan, respectively.

e Absorption
The transmission T through a sample is given by the relative decrease of the curve’s
mean intensity, determined by the ratio of the zero-order Fourier coefficients, by

Cayx,y)
ap(x, y)

T(x,y) (2.40)

Further, following Eq. 2.6 the transmission shows an exponential behaviour and
can be related to the linear attenuation coefficient ;4 of a sample by
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T(x,y) =e Jrryads (2.41)

Within this thesis—following clinical conventions—the absorption image A rather
than transmission image is displayed and is given by

Ax,y)=1—-T(x,y), (2.42)

i.e. by inverting the gray-scale of the transmission image, strongly absorbing struc-
tures yield high image signal and are color-coded white on a non-absorbing, black
background.

Differential phase
The transverse shift S introduced to the interference pattern by a refracting sam-
ple, is given by the radian measure, hence obtained by the multiplication of the
refraction angle o (small-angle approximation) and the inter-grating distance d,
as

Sx,y) =do. (2.43)

Accordingly, the transverse shift S is converted into a displacement of the stepping
curve, namely phase position A, which is encoded by the analyser grating and
dependent on its period p;

, S(x,
Ap(x,y) = ¢y(x,y) — ¢j(x,y) =27 (;2”. (2.44)

In Sect.2.1.3 we demonstrated that a variation (perpendicular to the propagation
distance) in the decrement of refractive index of a specimen imposes local varia-
tions on the phase of the penetrating wave. Further these are directly proportional
to the angle, by which the transmitted wave is refracted. Combination of Egs.2.12,
2.43 and 2.44 shows that the retrieved signal maps the differential-phase of the
refracted wave and the differential, projected decrement of refractive index of the
sample, by

0P(x,y) 9 _»m
o =ko /5(x, v, Ddz = S AG(x, ). (2.45)

Dark-field

The local scatter power of a sample is given by the relative decrease in the nor-
malized oscillation amplitude, hence can be calculated from the ratio of sample
and reference visibility, using

Vi y) aj(x, y) ap(x, y)

Vix,y) = Vix.y)  a(x.y) ax.y)

(2.46)

In analogy to the absorption signal, the dark-field image D is obtained as
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D(x9y):1_v(x’y)7 (247)

i.e. corresponds to the visibility map with inverted gray-scale. Strongly scattering
structures yield high image signal and are color-coded white on a non-scattering,
black background.

The dark-field image maps (incoherent) ultra-small and small-angle scattering of a
sample incorporating high density fluctuations on the (sub)-micron scale [24]. It is
of major importance that the imaging sensitivity itself is decoupled from the actual,
spatial resolution of the interferometer. This so-called “sub-resolution sensitivity”
hence enables the retrieval of microstructural properties of a specimen using clini-
cally compatible pixel sizes. This circumstance is illustrated by Fig. 2.6. Here, the
visibility signal is simulated for different numbers and sizes of calcium-oxalate
grains on the supposition that the overall volume of calcium-oxalate is fixed [25].
While the transmission is constant for all different configurations, contingent on
an unaltered amount of attenuating material, the most pronounced dark-field sig-
nal is found for calcium oxalate grains, that exhibit sizes similar to the analyser
grating period p,. Correspondingly, grain sizes strongly exceeding p,, evoke scat-
tering with diffraction angles being too small for causing sufficient loss in beam
coherence. Besides, the dark-field image is found to exhibit an exponential depen-
dence, if the angular scattering distribution is Gaussian shaped [26]. Hence, by
introducing the linear diffusion coefficient e—in analogy to the linear attenuation
coefficient —the visibility signal is given by

(a) (b)
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Fig. 2.6 Sub-resolution sensitivity of grating-based dark-field imaging. a Transmission and b visi-
bility signal simulated for an assembly of calcium grains with varying grain size. The overall amount
of calcium, given by the number and size of grains, is fixed for all configurations. The absorption
signal is non-sensitive towards variations in the grain size. In comparison, the visibility signal yields
aminimum for grains which are similar in size to the analyser grating period (green), even if strongly
exceeding the spatial resolution (red) of the interferometer. Hence, dark-field imaging provides an
efficiency gain in terms of spatial sensitivity by two orders of magnitude
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272
228 [ ey 2)dz

Vix,y)=e 7 , (2.48)

where 27;22‘12 corresponds to a setup-specific pre-factor. More precisely, Strobl et al.

showed that the inter-grating distance, beam energy and analyser grating period
determine the so-called “autocorrelation length” of the interferometer [27]. By
adapting the latter the sensitivity towards certain sized scattering structures and
therewith clinical applications can be tuned to a certain extent. In Chaps. 6 and 8,
we utilize the circumstance that both the dark-field and absorption signal yield an
exponential dependence for the quantitative (thickness-independent) retrieval of
microstructural properties of microcalcifications and kidney stones, respectively.
A more detailed investigation of the origin of the dark-field contrast and its depen-
dence on sample properties can be found in Yashiro W. et al. (2010) [28].

2.2.5 Adaptations for Clinical Use

2.2.5.1 Incoherent X-Ray Sources

As stated above, the flat-field visibility V" of a grating interferometer is an impor-
tant performance parameter and is preferably tuned as high as possible. Firstly, a
high visibility provides a large dynamic range for the detection of scattering until
the signal saturates, i.e. the retrieval of the phase-stepping curve is only practicable
if V" is different from zero. Secondly, the photon noise of the measured differen-
tial phase scales linearly with the visibility; hence the differential-phase channel
exhibits a contrast-to-noise ratio that is directly proportional to the interferometer
visibility [29].

The theory presented in the last section assumed a fully coherent and parallel
beam illumination, which however is not provided by compact X-ray tubes as used
in clinical practice. In case of the latter an extended source size s with strongly limited
transverse beam coherence is inherent, which ad-hoc prevents the Talbot interference
effect to appear. A detailed theory on optical coherence can be found in Born M.
et al. (1999) [30].

Transverse Coherence (Extended Source)

This is intuitively comprehensible, considering the extended source size s as an
array of independent point sources as schematically depicted in Fig.2.7a. Following
Eq.2.38, all of these create interference patterns at the analyser grating plane, which
are displaced with respect to each other up to a distance equal to the projected source
size s*. If the transverse displacement between two interference patterns is non-
negligible in comparison to the period of the intensity modulation p,, the intensity
oscillations are superimposed in a destructive manner, resulting in a smearing out of
the combined interference pattern. More precisely, the (flat-field) visibility in case
of monochromatic illumination is determined by the convolution of source size and
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Fig. 2.7 Talbot interferometry using incoherent X-ray sources. a An extended sources size creates
multiple interference patterns at the analyser grating plane, which are shifted against each other up to
a distance of the projected source size s*. If s* exceeds the period of the intensity modulations py,
the shifted patterns overlap in a destructive manner, resulting in a visibility being zero as exemplarily
indicated by the red and green curve. b By implementing a highly absorbing source grating the
extended source size is shaped into an array of fine slit sources, where each of the latter meets
the coherence requirements. As a consequence, the generated intensity modulations overlap in a
constructive manner as indicated by the red and green curve

interference pattern and is analytically described by [23]

v (s) _ 8 () (2.49)

Pt w2

For projected source sizes being equal to or exceeding half the period of the inter-
ference pattern the visibility can be considered as zero, as exemplarily indicated in
Fig.2.7a. Hence to render phase-sensitive imaging with a Talbot interferometer pos-
sible, the projected source size s* needs to be considerably small in comparison to
p: and p,, respectively

|:s* - s—i| <P (2.50)

This requirement is fulfilled for synchrotron beam-lines, which provide a high spa-
tial and temporal coherence, however are space- and cost-intensive facilities. While
micro-focus X-ray tubes can provide sufficiently small focal spots, they only yield
little photon flux, a limited anode current and power output, and hence are only suit-
able for the investigation of optically thin samples. Finally, a small projected source
size can also be achieved by tuning the d-over-l’ ratio, for instance by increasing
the distance between X-ray source and the phase grating. This however comes at the
expense of extending the setup and reducing the photon flux per solid angle.

To overcome this restriction and to utilize phase-sensitive imaging within a clini-
cal environment (compact systems, high-power sources with intrinsically large focal
spots >100 pm, short exposure times), a third so-called “source” grating with period
Ppo is introduced just downstream the X-ray emission source, which decouples the
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source size from the spatial coherence constraint [31]. Similar in design to the
analyser grating, the source grating preferably exhibits a flat-top attenuation pro-
file, by which the extended source is shaped into an array of fine slit sources. Here
each slits meets the transverse coherence requirement given by Eq.2.50. By match-
ing the projected periodicity of the source grating p;; with the analyser grating period

P2

* d !
|:Po = p07i| = D2, (2.51)
where [ denotes the distance between source and phase grating, the evoked inter-
ference modulation superimpose in a constructive manner at the detector plane as
schematically shown in Fig. 2.7b. This effect is known as “Lau-effect”, which is why
a three grating interferometer is referred to as a “Talbot-Lau interferometer”. Note
that the effective spatial resolution of the system, i.e. sample magnification, is not
altered by the presence of the gratings, but instead is determined by the projected
source size, the sample position and the detector characteristics.

Temporal Coherence (Finite Bandwidth)

In comparison to the strict requirements for spatial coherence, Talbot-Lau Interfer-
ometry is compatible and successfully operated with temporally incoherent X-ray
sources. However, since the phase-shift and the Talbot distances are wavelength
dependent, the resulting Talbot carpet is blurred in the case of polychromatic illu-
mination, given as a superposition of multiple, longitudinally displaced interference
patterns. The visibility spectrum, which describes to what extent certain X-ray wave-
lengths contribute to the overall fringe visibility, thus needs to be matched to the
utilized X-ray source spectrum.

To maximize the interferometer visibility the implemented gratings need to meet
the following design criteria [32]:

1. The phase grating design energy must be matched to the mean X-ray energy in
both the sample and flat-field scan.

2. The absorber gratings must block high energy parts of the X-ray spectrum to a
sufficient extent. Note that this is of special importance in the case of integrating
detectors, which give high energy photons more weight.

Since the visibility spectrum furthermore is dependent on the imprinted phase-shift
as well as the Talbot-order, following considerations are essential:

3. In the case of high fractional Talbot-orders (n > 3) a w-shift is favourable, since
the visibility spectrum yields only positive contributions. Contrasting, in the case
of a 7/2-shifting grating, the evoked intensity modulations are alternating out-
of-phase, resulting in a cancellation of visibility contributions.

4. Inthe case of low fractional Talbot-orders (n < 3) a 7w /2-shift is favourable, being
less sensitive to variations in the duty-cycle as in comparison to a m-shift.
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2.2.5.2 Cone-Beam Geometry

Since mammography systems require a large field-of-view at a compact system
length, a divergent beam is inherent and magnification effects need to be considered.
Above derived equations assumed a fully parallel beam and need to be refined if the
geometrical magnification of an interferometer is different from unity. In the case of
cone- or fan-beam geometry the interference pattern experiences a magnification in
lateral direction, which has to be matched by the analyser grating period as indicated
by the superscript (). The interference pattern magnification M is given by

_d+l

M= (2.52)

with d and [/ being the inter-grating distances as depicted in Fig.2.7b. Following
Eqgs.2.34 and 2.35, the requirements with respect to the magnified interference pattern
pM and adapted analyser grating period p)! are fulfilled, if

M % for m-shift

. (2.53)
Mp; for F-shift

!
p§”=p,M=Mpz=[

holds true. Furthermore, the (fractional) Talbot distances d¥ are increased in longi-
tudinal direction by
d¥ = Md,. (2.54)

Finally, contingent on Eq.2.51 the period of the source grating needs to be adapted

to ;
!
o =p' 5 (2.55)

Note that a cone-beam setup exhibits further challenges which need to be addressed.
The cone-beam is shadowed in the outer regions of the source and analyser grating,
where grating bars are not parallel to the beam path. Correspondingly, within the
affected areas the beam intensity is reduced, noise increased and the X-ray spec-
trum hardened, respectively. Besides, with increasing beam divergence, the effective
grating profile is flattened, which results in a loss of visibility [33].

2.3 The Female Breast

2.3.1 Breast Anatomy

The female breast is a complex organ comprising, among others, mostly adipose and
glandular tissue, as schematically depicted in Fig.2.8a. Overlaying the pectoralis
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Fig. 2.8 Anatomy of the female breast. a Sketch of the female breast with mammary gland, lob-
ules and ducts being embedded within adipose tissue. Figure adapted from Lynch, J. (2007) [36].
b Soft-tissue breast cancer mostly occurs within the milk ducts or within the lobules. Pre-invasive,
so-called “in-situ” lesions are confined to inner compartments of the ducts, albeit bear a high risk
of developing into invasive carcinomas

major muscle, the breast consists of a core of 14-18 lactiferous lobes. These are
interconnected with the nipple by multiple milk ducts, which are 2—4.5 mm in diam-
eter. Each lobe itself is composed of 2040 terminal ductal lobular units, which
are responsible for the generation of the fatty breast milk. The mammary gland is
supported by a framework of connective tissue, comprising collagen, elastin and
white fat. Further so-called “Cooper’s ligaments”, which are fibrous-tissue prolon-
gations, perfuse from the muscle to the skin, maintaining the firmness and shape of
the breast. The glandular tissue core is embedded in subcutaneous adipose tissue and
a superficial tissue layer [34].

The (optical) density of the female breast highly varies interindividually, mainly
depending on age and hormonal factors like menopausal state or external hormone
replacement therapy. Usually, in the case of young women breast tissue is highly
(optical) dense, contingent on a prevailing amount of glandular tissue. This circum-
stance and the higher sensibility of the breast towards X-rays in young women, render
this group rather unsuitable for screening mammography. In postmenopausal women
however, the ovarian estrogen production decreases. Since the estrogen functions
as a biochemical stabilizer of glandular tissue, the latter withers and a subsequent
replacement with adipose tissue occurs. Note that the fatty degeneration of elderly
breasts is the decisive point in the diagnostic performance of mammography, enabling
an easy detection of soft-tissue lesions in the otherwise fatty tissue. According to
theAmerican College of Radiology (ACR) four different breast density types are
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Fig.2.9 Mammographic appearance of ACR 1 and ACR 3 breasts. a Clinical in-vivo mammogram
of an entirely fatty breast (ACR 1) in craniocaudal (CC) view. Note that the tumor nodule (white
frame) can be easily differentiated from the surrounding adipose tissue as a strongly absorbing spot.
b Clinical in-vivo mammogram of a heterogeneously dense breast (ACR 3) in mediolateral oblique
(MLO) view (rotated). Note that the tumorous region (white frame) can hardly be differentiated
from the surrounding healthy tissue, being superimposed by dense breast tissue, i.e. anatomical
noise

distinguished in mammographic examinations [35].

Breast density classification (ACR)

1. Fatty—The breast is considered as almost entirely adipose, i.e. the amount
of glandular tissue is less than 25 %.

2. Scattered fibroglandular—The breast yields a volume of 25-50 % of well
separated fibrous and glandular tissue.

3. Heterogeneously dense—The volume of breast parenchyma accounts to 51—
75 %, while the breast exhibits clear features and a distinct tissue variation
in the mammogram.

4. Extremely dense—Fibroglandular tissue occupies more than 75 % of the
breast, which results in a homogeneous breast density and poor differenti-
ation of features in the mammogram.

Note that an increased breast density does not only reduce the detection quality of
cancer and architectural distortions resulting in a restricted diagnostic accuracy in
dense breasts (cf. Fig. 2.9b), but is also associated with an increased risk of developing
cancer [37].

2.3.2 Breast Cancer

Breast cancer is the most common type of invasive cancer in woman and accounted
for the second most cancer deaths among woman (13.7%) in the year 2008,
being of special severity in the 3rd world countries [38]. In low-income countries
survival-rates are below 40 % in comparison to more than 60 % in first world coun-
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tries, contingent on a lack of early detection possibilities, with an accordingly high
proportion of women presenting with late-stage cancer [39]. The Global Health Esti-
mates (WHO) assessed a number of more than half a million of breast cancer deaths
in the year 2011.

Like any other cancer, malignant changes in the breast mainly occur in elderly
woman as natural cell processes, where cell repair or apoptosis (process of pro-
grammed cell death) are malfunctioning. Here, cells can proliferate and grow in
an uncontrolled and disorganized manner. Risk factors promoting breast cancer are
among others a lack of physical exercise, drinking alcohol, hormone replacement
therapy during menopause and childlessness, family history of breast or ovarian can-
cer. Of major importance are further mutations in the BRCA1 (Breast cancer antigen
1) and BRCA2 (Breast cancer antigen 2) genes, which are known as the “breast
cancer susceptibility proteins” (to a certain extent also the p53 gene), which are
responsible for 5-10 % of all breast cancer incidents reported and mainly account
for breast cancer in young women [40]. These genes are common in mammal species,
hence are not of oncogenic nature, but instead function as tumor suppressors within
the healthy body [41]. BRCA1 and BRCA?2 are part of a complex-group that repairs
double-strand breaks in the DNA double helix [42]. Women with a mutated BRCA1/2
gene have a malfunctioning/disabled DNA repair system rendering them exposed to
an 80 % risk of developing life-time breast and ovarian cancer, depending on the
generation on mutating cells.

Most commonly breast cancer originates from cells of the mammary gland,
namely ductal and lobular carcinomas. In early or pre-cancerous stages, abnormal
cell proliferation is per definition confined to the inner compartments of the ducts
and lobules and carcinomas are labelled as “in-situ” (Fig.2.8b). Although, in-situ
indications are considered rather harmless if remaining in their constitution, since
patients usually do not develop distant metastases, they yield a high life-time risk of
becoming “invasive carcinomas”, i.e. bursting the basal membrane and infiltrating
surrounding tissue. Development of invasive behaviour is of high diagnostic impor-
tance, considering destruction of healthy tissue but also potential dissemination and
metastasis formation of cancer cells in the lymph nodes, bones, liver, lung and brain.
While an early detection of ductal carcinomas in-situ is hence desirable in young
patients, a potential over-diagnosis and treatment of the latter in the case of elderly
patient is currently under discussion [43]. This is due to the fact that the development
from in-situ into invasive carcinomas may last up to 10 years and older women will
not benefit from therapy considering the overall survival. In addition to more then
18 malignant tumor histological types and sub-types also benign changes are found
in the female breast such as (fibro-)cystic lumps. The most common mass found
in young, adolescent woman are benign fibroadenomas which grow in the terminal
duct lobular units of the breast [44]. However, benign changes routinely require little
action and excision is only indicated in the case of rapid growth or patient discomfort.
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The treatment and prognosis of breast cancer is versatile and heavily depends
on the specific tumor characteristics. Breast cancer diagnosis has a complementary
structure: a physical examination is followed by two-field mammography, ultrasound
and in certain indications contrast-enhanced MRI. In rare case, e.g. if a dissemi-
nation and metastasis formation of the tumor are suspected, an examination with
18F-Fluorodeoxyglucose Positron Emission Tomography may be indicated [45]. In
Germany, a biennial screening mammography is recommended for women aged 50—
79 (for more details see Chap.5). The “Breast Imaging Reporting and Data System”
(BIRADS), which is the standard risk assessment and quality assurance tool in breast
diagnostics, classifies mammographic findings into BIRADS I-VI categories [35].

BIRADS classification (ACR)

I —negative finding, i.e. no architectural disorder, abnormalities or suspicious
microcalcifications are present in the mammogram.
I —benign finding, including fibroadenomas, oil cysts, lipomas and galacto-
celes.
IIT —Probably benign finding with a low malignancy risk of <2 %.
IV —Suspicious finding with an intermediate malignancy risk of 2-95 %.
V —Highly suspicious finding with a high malignancy risk of >95 %.
VI —Histopathologically verified carcinoma.

In the case of a III-V finding, a core or vacuum-assisted biopsy of the suspicious
mass is taken under local anaesthesia (guided by mammography or ultrasound)
and histopathological work-up is performed. The classification of tumors is com-
plex and comprises a multi-layered assessment. Histologically, different tumor types
are defined according to the WHO classification depending from the tissue type
they originate from: the most frequent histological type is the invasive ductal car-
cinoma, not otherwise specified (NST), accounting for 70 % of all invasive breast
cancers. Less common types are among others the invasive lobular carcinoma, tubu-
lar, medullary and mucinous carcinoma [46]. Grading further compares to what
extent cancer cells and their core are still differentiated in comparison to healthy cells
(well differentiated—Ilow grade, moderately differentiated—intermediate grade, and
poorly differentiated—high grade). Breast cancer staging according to the TNM sys-
tem describes macroscopical properties of the tumor within the breast, including
tumor size (T), a potential invasion of the axillary lymph nodes in the armpits (N),
and whether the tumor exhibits a metastatic behaviour (M) [47]. Besides, also a
description of the tumor cells with respect to their biochemical entities (Receptor
status, DNA assays) is available.

Breast cancer therapy is increasingly individualized depending on tumor type and
biology, size, nodal state, distant metastases as well as age of the patient. Never-
theless, the standard therapy of breast cancer is the surgical removal of the lesions
and, if indicated, an adjuvant or neoadjuvant medication with cytostatica. Although
also affecting healthy cells, cytostatica predominately destroy cancerous cells, which
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yield a strongly increased self-replication rate. After surgery, radiotherapy may be
applied to the surrounding soft-tissue as well as the adjacent lymph nodes with the
goal of destroying spread tumor cells and preventing a recurrence of the tumor [48].
In tumors expressing hormonal receptors and/or growth factor receptors, antihor-
monal and/or antibody therapy is recommended, in which tumor cells are deprived
of their basis of cell growth via blocking the production of oestrogen and growth
factors.
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Chapter 3
Experimental Setup and Methods
Development

Ein Mann, der recht zu wirken denkt, muf3 auf das beste
Werkzeug halten.
Johann Wolfgang von Goethe

Abstract In this chapter, the development of a compact laboratory grating-based
X-ray phase-contrast mammography setup is presented. In order to meet the design
criteria of a clinical system, the setup was built from scratch and mainly optimized
for full-field imaging. The respective hardware developments and software tools
are separately shown in two sections, and provide the reader with comprehensive
knowledge on the image acquisition process. With the goal of enabling the very first
clinically compatible phase-contrast mammography measurements, the setup was
continuously optimized. The latest setup configuration is presented in this chapter,
while Chap. 7 illustrates which changes were necessary to facilitate clinical applica-
bility of phase-contrast mammography.

3.1 Phase-Contrast Mammography Setup

The design of the Talbot-Lau interferometer was perceived on the specifications
of a conventional system in order to prove clinical transferability of phase-contrast
mammography and verify medical significance of the results presented in the further
study. A compact layout with a total setup length of approximately 1.6 m (includ-
ing the detector, excluding the X-ray source), in the third fractional Talbot order
(;r-shifting) and a design energy of 27 keV was chosen. The respective asymmetric
(2:1) inter-grating distances amount to /=100 cm between source G and phase grat-
ing G| and d=48 cm between phase G| and analyser grating G, respectively. The
corresponding grating periods are pg = 10 um, p; = 6.48um and p, = 4.8 um
(Mikroworks GmbH, Germany). An overview of the current grating specifications
is given in Table3.1. The Nonius FR 591 rotating anode X-ray generator with a
molybdenum target is typically operated at 40kVp/70 mA. The focal spot size is
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Table 3.1 Overview of grating parameters

Parameter Gy G Go

Period [jum] 10 6.48 4.8

Active area [cm] round, & 7 round, & 7 round, & 10
Active material Au Au Au
Substrate thickness [um] | 200 (Si) 200 (Si) 200 (Si)
Duty cycle 0.51 0.61 0.49

Filling height [um] >35 52 50

Table summarizing the technical parameters of the source G, phase G, and analyser grating G,
of the phase-contrast mammography setup

approximately 0.3 x 0.3 mm? at the anode and estimated to 0.15 x 0.15mm? at the
detector plane, respectively. A distinctively higher peak voltage is chosen than typi-
cally utilized for conventional mammography (28-30kVp), in order to compensate
for a loss of flux due to the gratings [1]. Besides no additional k-edge filters are
implemented as typically done in mammography (for the purpose of shaping the
X-ray spectrum), considering the presence of a total of 600 pm silicon due to grating
substrates [2]. In order to avoid severe beam-shadowing at the outer regions of the
gratings, gold filling heights of below 50 um are used, which reason a relatively low
interferometer visibility of approximately 18 %. Note that 50 wm Au are transpar-
ent for 8 % of all 30keV photons. Besides, the source spectrum alongside with the
characteristic X-ray lines of 17.5keV and 19.6keV strongly differ from the design
energy itself, which leaves room for further visibility optimizations. For a detailed
discussion find Gromann, L. (2014) [3]. An indirect X-ray conversion Varian Paxscan
2550D X flat panel with DRZ-Plus Gadox screen (Gd,O,S : Tb, 208 pm phosphor
layer) coupled with a silicon TFT and 127 x 127 wm?-pixel size is implemented as
a detector. A Gadox screen was preferred over a Caesium-Iodine screen offering an
enhanced sensitivity and detective quantum efficiency for the aforementioned X-ray
energy spectrum [4]. The sample was positioned at 2.6 cm directly downstream G
in order to optimize the sensitivity of the interferometer [5]. The sample magnifi-
cation was determined to 1.40, resulting in an effective pixel-size of approximately
91 x 91 wm?.

Figure 3.1a shows the current, optimized setup with a dose-saving arrangement
of phase grating and breast sample holder. In order to minimize the usage of moving
parts, all gratings were fixed with compact mountings, mutually arranged in-line with
the center of the X-ray beam. One common center of rotation was defined, to avoid a
rearranging of gratings after their alignment. Linear actuators (TRA-series, Newport
GmbH, Germany) and rotation/goniometer stages (Newport GmbH, Germany) were
implemented to enable rotation around both the z- and y-axis. With the purpose of fine-
tuning the inter-grating distance, the phase grating was additionally equipped with a
linear stage (Newport GmbH, Germany, Fig. 3.1b), enabling translation in direction
of the X-ray beam. Further a nano-converter, operated with a high-load actuator
(LTA-series, Newport GmbH, Germany), was used with a gear reduction ratio of
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Fig. 3.1 Laboratory X-ray phase-contrast mammography setup. a Lateral view of the current
laboratory X-ray phase-contrast mammography system with dose-saving arrangement of phase
grating and sample holder. A compact system length, rotating X-ray anode and conventional flat-
panel detector meet the design criteria of clinical mammography systems. b Close-up view in the
direction of the X-ray beam showing the phase-stepping instruments and breast equivalent material
for flat-field measurements. ¢ Bridge construction which decouples the optical table from the sample
stage, in order to avoid a tilting of the optical breadboard and transmission of motion-induced
vibrations. d Aluminium grounding and framework of the interferometer with elastomer vibration
isolators. e Back view of the sample holder with easy-to-read breast compression thickness ruler

100, to achieve an accurate phase-stepping process. Besides, a breast equivalent
(PMMA) was mounted on the posterior side of the sample stage, with the purpose
of mimicking the breast tissue during flat-field acquisition. Implementation of the
latter allows the retrieval of images, that are free of beam-hardening artefacts, which
provides consistency between different data sets, as demonstrated in more detail in
Chap.7.

Two linear stages LT 120 (Owis GmbH, Germany) were combined to enable
translation of the sample holder in both x- and y-direction and provide a scan-able
area of up to 17 x 17 cm?. To avoid the generation of vibrations and tilting of the
optical breadboard, induced by the movement of the linear stages and accompanied
weight displacement, the latter was decoupled from the optical table by means of a
bridge construction (Fig. 3.1c).

Figure 3.1d shows the grounding of the mammography setup on which the optical
table (Thorlabs GmbH, Germany) was placed. In a first step, a framework of alu-
minium bars was built and connected with the hutch walls. Afterwards, the beam
center and the inclination of the X-ray beam were determined using a photosensitive
foil. The aluminium plate, which serves as a second grounding, was aligned accord-
ing to the beam path. Finally, four elastomer vibration isolators (NDO1-Series, New-
port GmbH, Germany) were mounted to reduce the transmission of high-frequency
noise to the interferometer. Note that the vibration isolators were placed on small
aluminium blocks of varying thickness to compensate for the inclination of the beam.
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To enable a proper fixation of the breast specimen at a medically reasonable sample
compression a customized sample holder was designed. Therefore an aluminium
frame with corresponding lid was shaped and two polycarbonate windows (thickness
of 5mm each) bordered. These offer a higher rigidity in comparison to PMMA at
similar attenuation properties. Figure 3.1e shows the back view of the sample holder
with an easy-to-read breast compression thickness ruler (3—6 cm) and bars connected
to the lid, which allow a quick disassembly of both parts.

In order to conduct tomosynthesis, the sample stage was additionally equipped
with a rotation stage (Newport GmbH, Germany) and connected with the sample
holder using a sledge construction. At first an initial full-field radiography of the
breast abladate is obtained, by which a region of interest is determined. Afterwards
the determined volume is manually moved into the center of rotation using the sledge
construction and then tomosynthesis executed.

Prior to measurements the gratings have to be aligned until a preferably flat detec-
tor image is obtained. Due to imperfections of the gratings, a remaining tilt as well
as the fact that the gratings are planar, hence do not adapt the beam curvature, a
complete vanish of Moiré fringes is considered unlikely (for a detailed overview on
the generation of Moiré fringes find Chabior, M. (2011) [6]). The following protocol
was used for the grating alignment and is partially illustrated in Fig.3.2.

1. The source grating Gy is solely placed into the beam and rotated around the y-axis,
until a Gaussian shaped intensity profile is obtained perpendicular to the grating
lines. This way the grating is aligned perpendicular to the beam and shadowing
of photons minimized.

2. Step #1 is repeated for the analyser grating G, to assure that both absorption
gratings are parallel to each other.

3. Inthe next step all gratings, more precisely their bars, have to be aligned vertically,
which is achieved by rotating the latter around the z-axis. A coarse alignment can
be achieved by illuminating the gratings with a laser and adjusting the resulting

L: @G{.

Fig. 3.2 Alignment of gratings and generation of Moiré fringes. a If gratings are slightly rotated
against each other with respect to the z-axis, multiple tilted Moiré fringes are present in the detector
image. b After a precise vertical alignment of the gratings, the Moiré fringes yield a mutual vertical
orientation. ¢ By fine-tuning the inter-grating distance, i.e. ratio between / and d, the period of
interference pattern and analyser grating are matched, by which the Moiré fringes vanish and a
preferably flat background is achieved
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diffraction patterns on a mutual line. A remaining misalignment of the gratings
around the z-axis is identifiable by rotated Moiré fringes as shown in Fig. 3.2a.

4. Two out of the three gratings are carefully rotated around the z-axis until the
Moiré fringes exhibit a vertical orientation as shown in Fig. 3.2b.

5. If the Moiré fringes vary in thickness from left to right, the phase grating G,
is misaligned and has to be rotated with respect to the y-axis, until an uniform
magnification is reached. Note that the phase grating can not be aligned by probing
the evoked intensity profile, since the phase-shifting bars are hardly absorbing.

6. In a final step, the inter-grating distance, i.e. ratio of / and d, is tuned until the
remaining Moiré fringes are minimized, that is the case if Eqs.2.53 and 2.55 are
fulfilled as illustrated in Fig.3.2c.

3.2 Software Package mammolib

To provide a convenient data processing and visualization especially for large field-
of-view applications the mammol ib-package was created. It contains functions for
signal retrieval, stitching and correction of data in radiographic imaging mode. This
section presents the tools necessary to obtain comprehensive absorption, differential
phase and dark-field images of complete breast samples, whereas Chap. 4 focusses
on advanced phase-retrieval methods. Using the mam_processing-routine the
following steps are automatically executed:

1. At first, each projection is separately processed and the three image modalities
are retrieved via Fourier analysis as described in Chap.?2 using the mam.FFT_
analysis-function. Alternatively, a least square algorithm is available through
the mam.LSQ_analysis-function, which minimizes the occurrence of fringes
within the processed data at the expense of computing time.

2. The breast abladate is scanned in a zigzag manner, in order to avoid a readjustment
of the sample holder and save scan time. Hence prior to stitching the initial
projections are resorted executing the mam. resort_fields-function.

3. As a next step, the overlap of adjacent projections is determined. Therefore, a
least square optimization algorithm is utilized, which shifts adjacent absorption
images against each other until the overall discrepancy in intensity is minimized
(mam.shift_best). This step is executed for all absorption projections and a
respective mean value determined. Alternatively the overlap value can be man-
ually tuned until the final stitched image yields interconnected tissue borders
and features. Since the three image modalities are co-registered it is sufficient to
determine the overlap for one data set only.

4. In order to retrieve comprehensive full-field mammograms, artefacts present
within the initial projections have to be corrected. In the case of the absorption and
dark-field images a ramp or polynomial background may superimpose the images,
which arises from shadowing and beam-hardening effects [7]. While these arte-
facts can be corrected utilizing the mam. correction-function, knowledge on
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the background or a flat image region such as air is required to enable a proper fit-
ting of the latter. However, by implementing an breast-equivalent absorber during
flat-field acquisition the generation of aforementioned artefacts associated with
beam polychromaticity can be avoided, which renders a correction of absorption
and dark-field data obsolete.

Nevertheless, in the case of the differential phase-contrast signal artefacts remain.
With the purpose of saving scan time, only one flat-field is acquired prior to the
sample scan, by which all projections are processed. Due to thermal instabili-
ties (grating heat-up, change in hutch temperature) and mechanical vibrations,
the fringe pattern is slightly drifting over time [8]. Hence by applying the flat-
field to subsequent projections an offset in the differential phase-contrast chan-
nel is inherent as illustrated in Fig.3.3a. This offset can be corrected for by
comparing the cumulative sum of differential signal in the region of overlap
of adjacent projections, as exemplarily shown in Fig.3.3b. Since both images
should contain the same data values, the difference between both is expected to
be zero within the region of overlap. Thereby the constant offset value can be
determined and then subsequently subtracted from one of the projections. The
mam.correction_DPC-function performs this comparison first for each row
then column-wise, whereas the first projection (top left) is considered as the initial
value.

5. Inorder to enhance the visual appearance of the full-field mammograms, a stitch-
ing tool with blending operator was implemented, which is accessed by the
mam.stitching_all_signals-function. Within the region of overlap, the
input images are linearly weighted in both x- and y-direction and then summed
by which a smooth transition between adjacent projections is achieved.

(552

i
= (Z32)oftset

) —(282)

iz iT

j Zigzag scan pattern

Fig. 3.3 Differential phase-contrast correction procedure. a Subsequently conducted, differential
phase-contrast projections yield a growing offset, if processed with a single flat-field only. This is
contingent on mechanical and thermal instabilities affecting the stability of the gratings, which to
its end cause a drift of the Moiré fringes. b By comparing the cumulative sum of differential phase-
contrast data of adjacent projections (red framed) within the region of overlap (dashed black line),
the offset value per pixel can be determined. ¢ Thereby each pair of projections is corrected each
row-wise and then column-wise, by which full-field differential phase-contrast mammograms can be
obtained. Note that a—c yield an identical color bar. Arrows indicate one-directional measurements
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6.

Finally, to account for “salt-and-pepper” noise as well as for hot and dead pixels
a de-speckle routine is available through the mam. despeckle-option [9]. In a
first step, the original image and a Gaussian blur of the latter are compared, by
which noisy pixels are detected if they exceed a certain threshold within the differ-
ence image. In a second step, noisy pixels are selectively replaced by the corrected
values, which are obtained from a 2D-median filtered version of the input image.
Note that the despeckle-routine is preferred over directly applying a median-filter
to the input image, since not decreasing the effective image resolution.

. If desired, the differential data can be integrated to obtain absolute phase images.

For a more detailed description of the steps #7-9 please find Chap.4. Depend-
ing on the number of scan directions either an one- or a two-dimensional inte-
gration algorithm is available, which can be assessed via the mam.phase_
integration_1D- and mam.phase_integration_2D-functions,
respectively.

The retrieved phase images typically comprise low-frequency artefacts, especially
in the case where boundary conditions are lacking, e.g. if the sample exceeds
the field-of-view. By subtracting a Gaussian-filtered version of the image from
the original these artefacts can be corrected for. Since this operation may also
decrease the detectability of extended breast features it is favourable to use a
selective, edge-preserving Gaussian (mam. filter_collection). Hereby an
anisotropic diffusion algorithm is used to sufficiently blur important features while
preserving the artefacts [10].

Finally, an unsharp masking filter can be applied to the images, in order to increase
image acutance and enhance the depiction of high-frequency features, using the
mam.unsharp_mask-function [11].
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Chapter 4
Bi-Directional Phase-Contrast
Mammography

Every truth has two sides; it is as well to look at both, before we
commit ourselves to either.
Aesop

Abstract In this chapter, the first bi-directional phase-contrast mammography mea-
surements investigating fresh breast tissue are presented. First, disadvantages of a
mono-directional scanning approach with respect to imaging sensitivity and usability
of differential data are pointed out. By revealing both benign and malignant breast
features, that exhibit highly anisotropic imaging contrast, we demonstrate the indis-
pensable diagnostic necessity of a multi-directional scanning approach. Finally, this
chapter is complemented by a section on bi-directional full-field mammography and
a benchmark of one- versus two-dimensional phase retrieval techniques. Note that
some of the results presented in the following have been earlier published as “Scherer,
K. et al. Bi-directional X-ray phase-contrast mammography. PLoS One 9, €93502
(2014)”.

4.1 Introduction | Limitations of Mono-Directional
Phase-Contrast Mammography

Despite the introduction of extensive screening programs in the 80’s and a rapid
promotion of mammography systems, breast cancer is still the second most common
cause of cancer death for women worldwide [1]. The most prevailing difficulties
of modern diagnostic mammography are a non-negligible number of false-positive
diagnoses, accompanied by redundant medical follow-up (10.7 %) and a relatively
highrate of undetected tumors (21.9 %), most prevalent in the examination of younger
women [2]. Especially, dense breast soft-tissue exhibits only minor deviations with
respect to attenuation characteristics, resulting in a poor imaging contrast for con-
ventional mammography. Phase-sensitive X-ray imaging methods show the potential
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to circumvent this problem by utilizing the intrinsically enhanced electron density
contrast [3].

Initial mammography studies confirming diagnostic benefits of the superior soft-
tissue contrast of phase-sensitive techniques were carried out with synchrotron radi-
ation [4, 5]. The introduction of so-called Talbot-Lau interferometers in combination
with a conventional laboratory X-ray source pushed phase-contrast imaging towards
possible clinical applications [6]. In grating-based differential phase-contrast (DPC)
imaging, phase-stepping enables the simultaneous retrieval of the differential phase,
dark-field and conventional absorption signal [6—8]. The differential phase signal is
obtained by measuring the angular deviations of the transmitted wavefront, which
are directly linked to the local gradient of the tissue’s phase-shift. Recent differen-
tial phase-contrast mammography studies conducted with freshly dissected complete
breasts showed promising results with respect to clinical relevance and feasibility [9].

However, previous efforts also indicated that a direct translation of radiographic
DPC towards conventional mammography is accompanied by two major drawbacks:
first, the retrieved local phase gradient is of differential nature, which results in
strongly edge-enhanced images with a reduced visual perception of extended struc-
tures, such as tumor masses and architectural distortions. One-dimensional inte-
gration of the differential data is possible, however requires the implementation of
regularization algorithms in order to reduce streak artefacts in direction of the inte-
gration (accumulation of statistical errors) affecting the integrated phase [10, 11].
Second, since the gratings are only structured along one dimension, DPC imaging
sensitivity is highly anisotropic, being non-zero only perpendicular to the grating
lines. More precisely, only the component of electron density changes perpendicular
to the grating lines can be accessed and contributes to the differential phase-contrast
signal. Similarly, tissue-induced small-angle scatter, which determines the dark-field
signal, remains undetected if emitted parallel to the grating bars [12]. Consequen-
tially, the risk to overlook oriented, non-uniform structures within the breast such as
ducts and tumor branches is high.

In this chapter, we apply a bi-directional imaging approach, composed of two
orthogonal scans, to ensure orientation sensitivity while remaining in a radiographic
acquisition mode [13—15]. We investigate the clinical relevance of this method by
measuring an invasive ductal carcinoma (IDC) enclosed within the freshly dissected
sample. By means of this medically significant tumor which comprises 72.8 % of all
invasive breast cancer we subsequently prove the necessity of an isotropic detection
sensitivity [16]. We evaluate the diagnostic advantages of two-dimensional inte-
grated phase compared to absorption imaging and mono-directional phase retrieval.
Furthermore, insights into the tumor morphology are obtained by analysing angu-
lar deviations in the scattering signal (directional dark-field imaging) [12, 17]. The
conclusion of our study is ascertained by a histological verification of our findings.
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4.2 Results

4.2.1 Two-Dimensional Phase Retrieval

The imaging of the freshly dissected mastectomy specimen was performed in cranio-
caudal orientation. For reasons of comparability and benchmarking, a digital mam-
mogram (29 kVp, 120 mA, average glandular dose 1.22 mGy) of the specimen within
the sample holder was conducted using a Selenia Dimensions scanner from Hologic
as shown in Fig.4.1a.

Firstly, to identify the tumorous region, one image of the complete breast was
taken with the interferometer. A total field-of-view of 12.8 x 12.8 cm? was realized by
stitching 4 x 4 projections following the procedure explained in Chap. 3. Scans with
9 phase steps and an exposure time of 9 s per step (low-statistic) were performed with
phase-stepping in x-direction. Hence, underlying imaging sensitivity was strongly
anisotropic and only components of the signals in x-direction were detected. Only
one flat-field, i.e. projection without the sample in the beam, was taken beforehand. A
smooth stitching of the 16 projections was achieved by correcting drift-related offsets
within the differential phase. This was done by levelling the overall DPC signal of
adjacent projections within the region of joint overlap as described in Chap. 3. The
processed and stitched images (Fig. 4.1) related to absorption (B), differential phase
(C) and dark-field (D) were obtained by Fourier analysis [6].

On the basis of the complete DPC breast images (Fig. 4.1b—d), the position of the
tumorous area was determined, by which two-directional differential phase-contrast
mammography is showcased in the following: an isotropic DPC imaging sensitivity
is realized by combining the two one-dimensional and mutually orthogonal mea-
surements of the IDC with phase-stepping in x and y-direction, respectively. Two
high statistic scans were performed with 13 phase steps and an integration time of
13 s per step each, in order to be able to exclude statistical error as the cause of the

Fig. 4.1 Conventional and mono-directional phase-contrast mammograms of a breast specimen
with invasive ductal carcinoma. Conventional, ex-vivo mammogram (a), grating-based absorption
(b), differential phase (c¢) and dark-field mammogram (d) of the breast specimen. The field-of-view
has a size of 12.8x 12.8 cm?. Images b—d were obtained by stitching together 4 x4 low-statistic
projections. The high-statistic images of the invasive ductal carcinoma are shown as inlays. Arrows
indicate one-directional measurements
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presented results. The inlays in Fig.4.1b—d show the corresponding images of the
IDC acquired with phase-stepping in x-direction.

The thereto orthogonal scan in y-direction was performed by rotating the sample
holder by 90° and then relocating the sample stage to image the same sample vol-
ume. For the purpose of demonstrating bi-directional phase-contrast mammography,
latter was preferred over the rotation of all three gratings by 90°. Alignment and
compression of the breast tissue remain unaltered within the sample holder during
the measurement. In the following, images retrieved along one dimension are marked
by a subscript “x” or “y”, respectively.

Thereafter, the high-statistic set of absorption (A,, A,), differential phase (9¢.,
0¢,) and dark-field images (D,, D,) of the IDC were fused. Firstly, it had to be
ensured that the two images of each modality cover precisely the sample section. A
possible displacement within the three image sets was reduced by using a least square
optimization algorithm, which shifts the two absorption images against each other
until the overall discrepancy in intensity between both images is minimized. This is
feasible, since the detection of wave attenuation (absorption image) in comparison
to wave deviations (differential phase, dark-field image), is independent from the
scanning direction. The numerically determined shift (sub-pixel accuracy) was then
used to correct for the displacement within the set of absorption, differential phase
and dark-field images.

The fusion of the one-dimensional phase gradients d¢, and 0¢, was realized via
a two-dimensional Fourier transform approach [15]. The two-directional integrated
absolute phase ®2¢ is then given by

FlOdx(x,y) +i00y(x, y)1(k, l)](x )
2mi(k + il) s

®%(x, y) =}"“|: 4.1)

where F is the two-dimensional Fourier transform, x, y the Cartesian and k, [ the
reciprocal space coordinates. The combined image d¢, 4 i0¢, was mirrored hor-
izontally and vertically to avoid edge discontinuities at the image boundaries, thus
providing periodic data in Fourier space [18]. Since the phase integration corresponds
toa f~!filter (f = ~/k2 + I2) in Fourier space, low frequencies are enhanced com-
pared to high frequencies. The amplification of low frequencies generates a back-
ground, that is superimposed on the integrated phase image ®>¢. The corrected phase
image ®2“ is obtained by

X = o™ — G(™, o), (4.2)

where G (®%, 01) is the integrated phase image ®>¢, blurred with a Gaussian filter of
width 0. By intensively blurring (standard deviation of Gaussian kernel of o1 = 80,
image size of 384 x 384 pixels) relevant image contents remain unaffected by the
subtraction of the low frequency background.

The noise power spectrum of the input images Ay ,, O¢y,, and Dy , is approx-
imately inversely proportional to f [19]. Due to integration, the retrieved phase
image exhibits a noise power spectrum proportional to f 2. The low amplitude of
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Fig. 4.2 Imaging sensitivity of bi-directional phase-contrast mammography. Two-directional dif-
ferential phase J¢, (a), d¢, (b) and sharpened, two-dimensional integrated phase image @?d (c).
Two-directional dark-field Dy (d), Dy (e) and mean dark-field D image (f). Arrows indicate the
direction of scanning. Red and blue boxes indicate tumor branches exclusively perceivable in the
images obtained with scanning performed in x- or y-direction, respectively. Note that full detection
sensitivity of malignant breast features is only provided in ¢ and f

high-frequency noise in the image allows a high-frequency boost of &, in order to
pronounce small tumor features and increase image acutance. The sharpened phase
image @fd (Fig.4.2c¢) is obtained with an unsharp mask operation, given by

O} = &2 + (@Y — G2, 02)). (4.3)

To pronounce very fine structures, a slight blur (standard deviation of Gaussian
kernel of o, = 5, image size of 384 x 384 pixels) was used. The filter strength was
set to a = 3.2. The dose-equivalent absorption image is calculated by

Alx, y) = e%(lnAx(x,y)JrlnAy(x,y)). (4.4)

To provide comparability to the sharpened phase image ®2, the absorption image
A was also processed with the unsharp mask filter (o, = 5). However, in case of the
absorption image A, the noise power spectrum is proportional to f~'. This allows
sharpening only to a minor extent (o« = 0.5), until the intrinsic amplification of
high-frequency noise leads to a degradation of image quality [20]. The sharpened
absorption image Ay is shown in Fig.4.3b.

The mean dark-field image D (Fig.4.2f), related to the overall small-angle scat-
tering power of the sample, is given by
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D(x,y) = e%(ln Dy(x.y)+In Dy(x.y)) (4.5)

Moreover, the dark-field images D, and D, were utilized to obtain information
on the preferred scattering direction of the tissue under investigation. Scattering
in x-direction (D,) is coloured red, while scattering in y-direction (D, ) is coloured
blue. The RGB-composition (Fig. 4.3d) of the two images classifies scattering power
(brightness) and the preferred scattering direction, ranging from x-directed (red)
over isotropic (purple) to y-directed (blue). Note that the latter has to be consid-
ered a pseudo “directional” dark-field image. In order to unambiguously distinguish
isotropically scattering structures from ones who exhibit an anisotropic contrast,
which is titled by 45° with respect to the imaging sensitivity, a tri-directional scan
has to be conducted (for a detailed discussion cf. Jensen T. et al. (2010) [17]).

4.2.2 Imaging Sensitivity of Mono- Versus Bi-Directional
Phase-Contrast Mammography

An overview of the high-statistic differential phase and dark-field images of the IDC,
as obtained with the two-directional scanning approach, is given in Fig. 4.2. We inves-
tigate the dependency between the detection of strongly oriented tumor features and
scanning direction, by comparing 0¢, against d¢, and D, against D, respectively:
the tumor branches that are primarily vertically aligned (red framed) are strongly
visible in 0¢, (Fig.4.2a) and D, (Fig.4.2d). However, the same features cannot be
detected in the thereto orthogonal images J¢, (Fig.4.2b) and D, (Fig.4.2e). By con-
trast the horizontally oriented tumor branch (blue framed), is exclusively detected in
0¢, (Fig.4.2b) and D, (Fig.4.2e).

These observations indicate that tumor branches exhibit a strongly anisotropic
contrast for both differential phase and dark-field imaging: within the tumor branches,
electron density variations of the tissue are only minor, resulting in a poor differential
phase contrast along the branch. However, compared to the surrounding, healthy
tissue, the electron density is differing considerably. Furthermore, scatter caused
by the branches and its substructures must be directed mostly perpendicular to the
branch orientation.

Hence, the selection of scan direction, and therewith one-dimensional imaging
sensitivity, determines to what extent the anisotropic tissue structures like branches,
embedded in healthy tissue, can be detected. If scanning is performed parallel
to the branch orientation for instance, neither scatter, caused by the branches, is
detected, nor sufficient phase-contrast obtained. To secure a full detection of the
tumor branches, an isotropic imaging sensitivity is indispensable, as provided by the
combination of two orthogonally conducted scans. Comprehensive images, that pro-
vide the full range of features (red and blue frames), are obtained by fusing the one-
directional differential phase and dark-field images as sharpened, two-directional
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Fig. 4.3 Bi-directional phase-contrast and “directional” dark-field mammography of an invasive
ductal carcinoma. a Sharpened, two-dimensional integrated phase image @?d of the invasive ductal
carcinoma. The frames in a and c¢ indicate three locally separated tumor lesions (apparently tri-
focal). Arrows in a and ¢ indicate fine tumor branches. b Sharpened, absorption image A of the
invasive ductal carcinoma. Circles indicate position of relevant tumor details. ¢ Histological slice
(Hematoxylin and Eosin stain) of the invasive ductal carcinoma. d “Directional” dark-field image of
the invasive ductal carcinoma. Preferred scattering direction is color-coded ranging from x-directed
(red) over isotropic (purple) to y-directed (blue). e 200x magnified histological image of the tumor
branch, as indicated by the white diamond in ¢ and d. The 2-dimensional FFT is shown as an inlay.
d 200x magnified histological image of the tumor lesion, as indicated by the black diamond in
c and d. The 2-dimensional FFT is shown as an inlay

integrated phase ®2 (Fig.4.2c) and mean dark-field D (Fig.4.2f), respectively.
Moreover, the sharpened, two-directional integrated phase image ®2¢ is free of streak
and shadowing artefacts, even though the field-of-view is exceeded by the sample.
Besides overcoming the limited sensitivity of an one-directional scan, the two-
directional approach exhibits further diagnostic advantages, illustrated in a bench-
mark (CD?d versus Ay) and “directional” dark-field case study (Fig. 4.3). The sharpened
phase image ®2¢ (Fig.4.3a) enables a diagnostic differentiation of the carcinoma
into three locally separated tumor lesions (white frame). Two tumor branches are
clearly perceivable, as directly emerging from the single lesions and spreading out
to the image borders (arrows). The superior depiction of fine details within the phase
image is caused by an enhanced soft-tissue contrast, but also improved local con-
trast and image acutance gained by image sharpening. By contrast, the same medical
details can not be deduced from the dose-equivalent, sharpened absorption image A;
(Fig.4.3b): the attenuation-based soft-tissue contrast is insufficient to enable a visual
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distinction into lesions, but instead displays the tumor mass as pervasive structure
(black circle). The tumor branches appear distinctively shortened, since fine branch
parts (high-frequency features) are blurred within image noise (white circle). To
validate the medical relevance of details exclusively perceivable within the phase
image and exclude them as being image artefacts, histological evaluations were car-
ried out. The tumorous area was extracted, dissected and stained with Hematoxylin
and Eosin (Fig.4.3c). We matched the three tumor lesions (white frame) and fine
branches (arrows) with respect to size and orientation and confirmed their malig-
nancy. Furthermore, the tumor was classified as apparently tri-focal, i.e. containing
three locally separated lesions.

4.2.3 “Directional” Dark-Field Mammography

We extracted further diagnostic insights on the tumor constitution by examining
two spots of the “directional” dark-field image (Fig.4.3d) in more detail. The ver-
tically oriented tumor branch (white diamond) scatters preferably perpendicular to
its orientation, identifiable by the red color. This prominent anisotropic scatter can
be ascribed to the tissue morphology on the scatter determining length scale, which
is in the order of the analyser grating period of p, = 4.8 wm (cf. Fig.2.6) [21].
The corresponding histological section of the branch was photographed with a mag-
nification of 200 (Fig.4.3e). The magnified image reveals multiple vascular walls
(white) and elongated tumor cells (pink) preferably aligned alongside the fibre with
diameters in the range of some microns. The elliptically-shaped two dimensional
Fourier transform of the image (top right inlay) emphasizes the inherent alignment
of the substructure. Since scatter occurs dominantly at edges/tissue-interfaces which
are mutually oriented along the fibre, an unilaterally directed scatter is generated.

For a second correlation of the “directional” dark-field signal with tumor mor-
phology, the top tumor lesion (black diamond) was chosen. Here, contributed scatter
is uniformly distributed, discernible by the violet color. The corresponding histo-
logical section of the branch was also photographed with a magnification of 200
(Fig.4.3f). The magnified image shows a cluster of tumor cells (violet) surrounded
by bunches of elongated cells (pink) and vascular walls (white). By contrast, in this
case the morphology seems random, without exhibiting any preferred orientation
or distinct alignment of the inherent features. This impression is ascertained by the
circular-shaped two-dimensional Fourier transform of the image (top right inlay).
Accordingly, scatter in this area is isotropic.
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4.2.4 One- Versus Two-Directional Full-Field
Phase-Contrast Retrieval

In a final step, bi-directional measurements were applied to a full-field DPC
mammography of a fresh and cancer bearing mastectomy, with the goal of further
investigating breast feature detection sensitivity and compare the here presented
two-directional phase-retrieval technique to one-dimensional integration approaches.
Figure4.4A and B show the corresponding one-dimensional orthogonal differential
phase gradients 0¢, and d¢,, obtained by following the acquisition protocol presented
in Sect.4.2.1. Note that for explanation purposes, the top row of 0¢, (Fig.4.4a) was
not corrected and therefore yields an offset as indicated by yellow arrows.

In accordance with the case study presented prior in this chapter (Fig.4.2), also
in this example multiple breast features with strongly anisotropic imaging contrast
could be identified: the vertical aligned cyst border (red framed) is solely visible
in 0¢, (Fig.4.4a). In the thereto orthogonal scan d¢, (Fig.4.4b) the corresponding
horizontal cyst encapsulation (blue frame - bottom) gets depicted while additional
horizontally aligned tumor spiculations (blue frame - right), out-bonding the central
tumor mass, are revealed. Following Eq. 4.1, full feature sensitivity showing the over-
all cyst encapsulation and tumor infiltration is given by deriving the two-directional,
integrated phase image (Fig.4.4c¢).

In order to visualize the above stated deficiencies of a mono-directional scanning
and phase-retrieval approach, an ad-hoc integration of the local phase gradients was
conducted, using

(4.6)

@id(x’ y) — f—l[F[ang;x’y)](ka l)}(x’ y)
wik

Figure4.4d and e show the corresponding one-dimensional integrated absolute
phase images ®!¢ and <I>1,d. Since phase retrieval accompanies an accumulation
of statistical noise in direction of the integration path, severe streak artefacts are
present in the image. As the differential data was stitched from multiple projections
(with potentially varying offset), while parts of the breast were also exceeding the
field-of-view, no well-defined background is available prior to integration; hence the
integration constant remains unknown, which results in an additional row-specific
offset value, as exemplarily indicated by yellow arrows in Fig.4.4d. For reasons of
comparison the one-dimensional integrated data sets ®!¢ and ®!? were fused to ®'¢
(Fig. 4.4f), adapting Eq. 4.4. Note that the obtained image fails at providing any diag-
nostic meaningful information, being corrupted by the superposition of orthogonal
streak artefacts.

As a gold standard a refined, one-dimensional integration algorithm & '?* using the
Poisson solver and a smoothing operator was implemented (for a detailed derivation
cf. Matias Di Martino, J. et al. (2013) [22]). Using 50—;2<Dx = 29¢,, whereas £ 0¢
corresponds to the first derivative of the phase gradient, Eq.4.6 can be substituted to
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Fig. 44 Full-field mammography comparing one- versus two-directional phase retrieval. Two-
directional differential phase d¢, (a), d¢, (b), and sharpened, two-dimensional integrated phase
image @?d (¢). Ad-hoc one-dimensional integrated phase & }cd (d), @ ;d (e) and corresponding fused
phase image ®'¢ (f). Yellow arrows in a indicate uncorrected background within the differential
data which accounts for severe integrations artefacts in d. Advanced one-dimensional integrated
phase ®19* (g), GD;"* (h) and corresponding fused, sharpened phase image ®!¢* (i). Red and blue
boxes indicate cyst borders and tumor infiltrations exclusively perceivable in scanning conducted
in x- or y-direction, respectively. Note that ®'¢ is corrupted by severe streak artefacts while @id*
appears blurred in comparison to <I>§d . Arrows indicate one- and bi-directional measurements

(4.7)

[Pl 0. 1k, 1)

O (x,y)=F 1[ I ](x, »).
Asstatedin Sect. 4.2.1, the dominator of this equation can be considered alow-pass
filter, which attenuates high-frequency contents of the integrated image. However, in
the case of one-directional phase retrieval, this filter is restricted to one coordinate (k),
hence high-frequency noise suppression is confined to the x-direction. Empirically,
an artificial high-frequency noise-suppressor in y-direction can be incorporated, by



4.2 Results 55

modifying k=2 to (k* + A\I%)~!. Here \ determines the extent of smoothing applied
in direction perpendicular to the phase gradient, namely the Fourier coordinate /.
Finally, the phase, integrated in x- and smoothed in y-direction, is given by

FIF0¢:(x, Ik, 1)
—472 (k2 + \I2)

DI (x,y) = f‘[ }(x, ¥). (4.8)

By setting A\ = 0.7, streak-artefact free phase images ®'%* (Fig.4.4g) and (D;,d*
(Fig.4.4h) of the breast specimen can be retrieved which are capable of depicting the
feature content seen in the respective differential data. However, note that the smooth-
ing operator does not only affect noise, but intrinsically also blurs high-frequency
image details perpendicular to the integration direction. This is of special importance
considering that the sharpened, fused phase image ®!9* (Fig. 4.4i) consequently com-
prises blurring of breast features in both directions. This drawback manifests itself
in an overall blurred image and reduced spatial resolution, when compared to the
corresponding sharpened, two-dimensional integrated phase image ®2¢ (Fig.4.4c).
Finally, note that various other phase-retrieval approaches exist, which aim at the
reduction of image artefacts while maintaining image acutance, among others total-
variation regularized based algorithms [23].

4.3 Discussion | Diagnostic Sensitivity Requires
Bi-Directional Phase-Contrast Mammography

In this chapter, we demonstrated that grating-based mammography faces the problem
of a diagnostically limited imaging sensitivity, if operated with a mono-directional
scan alone. We identified both benign (cyst) and malignant breast structures (IDC),
that exhibit a strongly anisotropic imaging contrast for both differential phase and
dark-field imaging. To provide diagnostic reliability and ensure detection of oriented,
tumorous structures, regardless their orientation within the breast, an isotropic imag-
ing sensitivity is indispensable and could be provided by applying a two-directional
scanning approach. An isotropic imaging sensitivity is a crucial requirement for the
successful detection of early stage tumors such as in-situ carcinoma. Here, tumor
growth is naturally limited to the inner compartments of ducts, resulting in a elon-
gated tumor shape similar to the observed IDC branches [24, 25].

We have proven the feasibility of the two-directional scanning and phase-
integration approach by first localizing the tumor and then subsequently measuring
the corresponding enclosed section within the mastectomy specimen. We suggest
that this technique is also clinical compatible, since we could successfully apply it
to full-field mammography in a second step.

To exclude statistical errors as cause of the observed anisotropic imaging con-
trast given by IDC branches, this proof-of-principle study had to be conducted with
high-statistic measurements and thus should neither be considered dose nor time
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relevantly designed. Stampanoni, M. et al. and Sztrékay, A. et al. already discussed
that an acquisition of images within the dose limits required for clinical applications
would be possible by optimizing several setup relevant aspects such as design energy,
X-ray target material, beam filtration, grating quality, duty-cycle, grating substrate
thickness, sample holder and detector efficiency [9, 26]. For dose-compatible phase-
contrast mammography see Chap. 7.

Keypoints

e Both benign and malignant breast features can exhibit strongly anisotropic
imaging contrast in phase-contrast mammography.

e Diagnostically meaningful sensitivity requires an atleast bi-directional scan-
ning approach.

e Two-dimensional phase retrieval provides superior image quality in compar-
ison to one-dimensional techniques.

We elaborated additional diagnostic advantages accompanied by the two-
directional scanning approach which could further motivate the need to acquire
two images: the two-dimensional integration mechanism provides absolute, streak-
artefact free phase images which proved to facilitate the visual differentiation of
medically significant tumor details, yet unseen in the dose equivalent absorption
image. The excellent depiction of high-frequency features yields the potential to
strongly promote the detection of early stage tumors, fine tumor branches and small
metastases. Finally, we showed that advanced one-dimensional phase integration
approaches can also generate streak-artefact free, absolute phase images. These how-
ever comprise areduced effective image resolution, hence limited detection quality of
fine breast features, in comparison to the two-directional phase integration approach.

Furthermore, we examined a possible diagnostic application of “directional”
dark-field imaging by characterizing the soft-tissue morphology on the micrometer
length scale, far below the actual detector resolution. The morphology of two tumor
associated areas could be characterized by their scattering behaviour as randomly
proliferated and inherently oriented, respectively. This technique may promote the
characterization and therewith diagnostic classification of suspicious structures and
microcalcifications as linear branching or coarse granular [27, 28]. Besides, it might
give a hint concerning the neoplastic grading of tumorous tissue by distinguishing
between well-differentiated/oriented and fully anaplastic cell domains. Finally, the
90° rotation of the three gratings could be circumvented by the implementation of
two-dimensionally structured gratings [13].
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4.4 Materials and Methods

4.4.1 Imaging Dose

The applied radiation dose was measured using the incident air kerma with a Dosimax
plus/RQX-detector system. The incident air kerma rate was found to be 2.1 mGy
at the beam center. For the initial low-statistic projections, 9 phase steps with an
integration-time of 9s each were taken. In case of the high-statistic projections used
for the two-directional proof-of-principle study the number of steps and integration-
time was increased to 13. To calculate the mean glandular dose a Monte-Carlo based
conversion factor of 0.389 was chosen, determined by the half-value layer (Al) of
0.8mm and a sample thickness of 5cm [29]. A mean glandular dose of 66 mGy
(total exposure time of 81 s, low-statistic) and 138 mGy (total exposure time of 169,
high-statistic) per projection was found.
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Chapter 5
Screening Value of Phase-Contrast
Mammography

Um klar zu sehen, geniigt oft ein Wechsel der Blickrichtung.
Antoine de Saint-Exupery

Abstract In this chapter, the diagnostic potential of phase-contrast and dark-field
mammography as a future screening modality is exemplarily illustrated by means of
a selective case study. First, limitations of clinical imaging techniques, such as an
inherently low soft-tissue absorption contrast in the female breast, are pointed out
on an incentive manner. Afterwards four diagnostically interesting cases, containing
bi- and multifocal breast cancer, are presented to the reader and extensively discussed.
The aim of this chapter is to motivate and justify the further progression of phase-
contrast mammography towards first clinical trails and multi-reader studies. Note that
some of the results presented in this chapter are based on the publication “Grandl,
S., Scherer, K. et al. Improved visualization of breast cancer features in multifocal
carcinoma using phase-contrast and dark-field mammography — an ex-vivo study.
Eur. Radiol. 25, 3659-68 (2015)”.

5.1 Introduction | Current Shortcomings of Clinical
Screening

With the implementation of nation-wide screening programs in many countries breast
cancer mortality has steadily declined over the past decades [1]. Technical develop-
ments in conventional breast imaging such as tomosynthesis have led to a significantly
improved detection of early breast cancer and pre-invasive breast lesions. However,
breast cancer remains one of the leading causes of cancer death in women world-
wide and underlying imaging techniques continue to have major limitations in daily
clinical routine [2].

While being the standard screening technique, the diagnostic sensitivity and speci-
ficity of conventional mammography remains fairly low, contingent on the fact that
attenuation-based contrast is inherently low within breast soft-tissue. This is of par-
ticular disadvantage in the case of women with dense breast tissue [3] (cf. Fig.2.9b)
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and women at high familial risk for breast cancer [4, 5]. While mammography per-
forms with a sensitivity of 76 % in breasts with entirely fatty pattern, it is only 60 %
in the case of breasts with fibroglandular or dense pattern [6, 7]. For young women
at high familial risk for breast cancer up to two-thirds of breast cancers are diag-
nosed as interval cancers in between subsequent screening rounds, where cancer has
already been growing large and positive axillary lymph node metastases are exhib-
ited. Besides, concerns arise with respect to an intolerable lifetime radiation exposure
for young patients.

Especially in this high-risk group and for the detection of multifocal or multi-
centric breast cancer, specialist recommend MRI as an initial screening modality.
In addition to offering the highest diagnostic sensitivity in both fatty (80 %) and
fibroglandular tissue (81 %) MRI avoids ionizing radiation [7]. On the other hand it
suffers from a low spatial resolution, being very cost- (1025 $ for bilateral contrast-
enhanced breast MRI versus 85 $ for bilateral mammography per examination) and
time-intensive (30—60 min overall examination time for MRI versus 10-20 min over-
all examination time for screening mammography). Further the use of intravenous
contrast agents is required [7]. Here, adverse reactions have been reported of up to
0.1 % of all patients who have been given intravenous gadolinium contrast agents [8].
Besides, MRI is non-sensitive towards tiny calcium deposits, which can be indicative
for malignancy. Finally, MRI is less specific than screening mammography compris-
ing the risk of increasing overdiagnosis, invasive follow-up procedures and potential
overtreatment in clinical routine, which is currently under debate [9].

Ultrasound is helpful for the diagnostic evaluation of palpable or mammograph-
ically identified tumor masses, but is considered as an supplemental screening
modality only. This becomes particularly obvious in a study by Berg, W. et al.,
who demonstrated that ultrasound alone is rather unspecific and would substantially
increase the false positive rate by 8.1 % [10]. Being both operator-dependent and
time-consuming, ultrasound as well as MRI are unsuitable for a broad implementa-
tion into standard population screening [11].

In the case of X-ray energies used in clinical mammography, phase-contrast (PC)
and dark-field radiography (DF) are suitable candidates for complementing conven-
tional screening. These image modalities yield the potential to overcome the relatively
low absorption-contrast of low Z materials in dense breast tissue, since PC relies on
the intrinsically enhanced electron-density contrast and DF is based on the small-
angle scattering capability. The advantage of phase-sensitive imaging gets obvious,
when comparing the B and § values of fatty and glandular tissue, at an energy of
27keV. While the difference in g, exhibited between glandular and adipose tissue,
accounts to only 0.25 x 107!9, it is approximately three orders of magnitude higher
in the case of §, namely 0.20 x 10~7 [12]. Initial phase-sensitive breast imaging
which could verify an increased detection sensitivity at reduced radiation dose, was
conducted with free space propagation and analyzer-based imaging techniques at
synchrotron facilities [13—15]. Besides providing a scatter-sensitive imaging chan-
nel, dark-field mammography benefits from sub-resolution sensitivity [16], which
enables the detection of microstructures within the breast that are smaller than the
pixel pitch of the detector [17, 18].
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Table 5.1 Tumor characteristics of patient I-IV

Patient Histological diagnosis ACR BIRADS | Max Tumor
diameter (mm)

I Multifocal invasive carcinoma not 2 v 40
specific type (NST, formerly invasive
ductal), G1

I Trifocal invasive carcinoma not specific 2 v 15

type (NST, formerly invasive ductal) and
invasive lobular carcinoma, G 1-2

I Bifocal carcinoma not specific type 2 A% 25
(NST, formerly invasive ductal) G2
v Invasive carcinoma not specific type 3 \Y 40

(NST, formerly invasive ductal), G 2

Histological diagnosis and tumor type; Classification of mammographic breast density according to
the American College of Radiology (ACR); preoperative imaging according to the breast imaging
reporting and data system (BIRADS); maximum tumor size according to histopathology. Please note
that the smallest sample diameter is measured in anteroposterior direction and does not correspond
to the maximum craniocaudal diameter used for the experimental mammography

With the recent introduction of a grating-based imaging approach utilizing a
Talbot-Lau interferometer, retrieval of phase-contrast and dark-field signal is no
longer restricted to highly brilliant X-ray sources, but is now compatible with
clinical X-ray sources [19, 20]. First studies investigating mastectomy samples
with laboratory-based phase-contrast mammography showed promising results with
respect to diagnostic potential by means of improved tumor visualization [21], image
quality [22] and enhanced detection of ultra-small microcalcifications [17, 18].

The results shown in this chapter demonstrate that dark-field imaging alone results
in improved visualization of tumor-infiltrated soft-tissue strands, multifocality, tumor
boundaries and small calcified tumor clusters yet undifferentiated with conventional
imaging techniques. By means of four selective case studies (for more details cf.
Table5.1), diagnostic merit of phase-contrast mammography is verified and sug-
gested as a potential future screening modality.

5.2 Results

5.2.1 Casel | Dark-Field Mammography Reveals
Radiographically Undetectable Tumor Nodules

Patient I presented with a histologically proven recurrent breast carcinoma of the con-
tralateral left breast after breast conserving therapy (data not shown). Additionally,
two nodular indurations of the right breast in the upper lateral quadrant were clin-
ically suspicious. Conventional in-vivo mammography (IV-Mx) of the right breast
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Fig. 5.1 Dark-field mammography reveals radiographically undetectable tumor nodules. Clini-
cal ex-vivo mammography (EV-Mx, a), experimental absorption-contrast mammography (A-Mx,
b), phase-contrast mammography (c) and dark-field mammography (DF-Mx, d) of patient I; rep-
resentative section from the in-vivo MRI (e) including contrast-enhanced T1 weighted sequence
(e—Ieft) and the corresponding subtraction image (e—right) and ultrasonography (f); vertical line
plots quantifying superior depiction of tumor (TU) 1, 2 and 3 in DF-Mx (G—bottom) in comparison
with A-Mx (g—top); in-vivo mammography (IV-Mx) of patient I in craniocaudal projection (h);
exemplary histological image (hematoxylin-eosin staining) of one calcified tumor nodule (i and j),
arrows indicating hyper-fine microcalcifications. The rectangles in a—d and h indicate TU|_3. The
crossed arrows in b—d indicate bi-directional measurements

revealed two corresponding adjacent lesions (Fig.5.1h, white box) measuring 5 and
2 mm in the right upper lateral quadrant. Ultrasound revealed altogether seven suspi-
cious lesions of 3—8 mm diameter in the upper lateral right quadrant three of which
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are shown in Fig. 5.1f. Dynamic MRI showed two suspicious enhancing lesions in the
upper lateral quadrant of the right breast corresponding to the in-vivo mammogra-
phy (Fig.5.1e). Histopathology of the whole breast revealed a multifocal carcinoma
not specific type (NST, formerly invasive ductal carcinoma) grade 1 with the single
tumor nodules measuring up to 6 mm and a maximum total diameter of 4 cm within
an extensively growing ductal carcinoma in situ (6 cm).

Figure5.1a—d show ex-vivo clinical mammography (EV-Mx), experimental
absorption-contrast mammography (A-Mx), phase-contrast mammography (PC-Mx)
and dark-field mammography (DF-Mx) of the breast specimen I in craniocaudal
orientation, which support the mammographic finding of two separated tumor nod-
ules (TU; and TUj), although being partially superimposed by surrounding breast
parenchyma and resection margins. Surprisingly, in the DF-Mx five additional
smaller spots of high scattering contrast, composing a third nodule (TU,), were
detected between the mammographically verified nodules TU; and TU3. The spa-
tial arrangement of the additional strongly scattering nodules within the DF image
is consistent with the corresponding ultrasound section, showing a hypoechogenic
bridge connecting the very lateral TU; and TU, as well as the third nodule TUj3.
The detection of an additional, intermediate nodule may explain why the first nodule
TU, is presented distinctively enlarged within the MRI in comparison to TUj3: the
low spatial resolution of MRI in combination with a continuous perfusion of con-
trast agent within TU; and TU, seems to depict the latter falsely as one persuasive
tumor mass. Histopathological work-up (Fig.5.1i, j) proved the nodules with high
DF-contrast as small calcified tumor nodules of 6 mm maximum diameter.

Since the overall volume of microcalcified tissue is small, linear absorption coef-
ficient (EV-Mx, A-Mx) and electron density (PC-Mx) of the tumorous tissue are
hardly altered by the presence of calcium, which leads to a visual blurring of the
tumor within the surrounding breast parenchyma. However, imaging sensitivity in
DF-Mx is enhanced towards ultra-small calcifications in the size of some microns
accounting for the strong scattering signal provided by microcalcified structures
within the tumor nodules. The surrounding breast parenchyma does not contribute to
the scattering signal, which enables a clear differentiation of the small calcified tumor
nodules from the surrounding breast tissue. Vertical Line plots in A-Mx (Fig.5.1g—
top) and DF-Mx (Fig.5.1g—bottom) visualize the superior depiction of all tumor
nodules by means of DF-Mx. To quantify this observation the contrast-to-noise ratio
(CNR) was calculated for each tumor by

|St - Ss|

Oy

CNR = (5.1)

where |S; — S| corresponds to the difference between the signal intensities of the
tumor (;) and respective surrounding tissue (), divided by the standard deviation
of the pure image noise o, preferably calculated from a flat section within the
surrounding tissue. Values of 14.28 (TU;), 4.82 (TU,) and 7.76 (TUs3) in the DF-Mx
by far exceed those in the A-Mx of 3.58 (TU;), 1.71 (TU,) and 4.14 (TU3). In the
presented case, DF-Mx was the only radiographic imaging modality depicting and
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detecting additional tumor nodules correctly, yet undetectable or spatially unresolved
within conventional mammography and MRIL

5.2.2 Case Il | Dark-Field Mammography Reveals Pervasion
of the Breast with Partially Tumorous Soft-Tissue
Strands

Patient II presented with a palpable mass in the upper lateral quadrant of the left
breast. The IV-Mx (Fig.5.2e) showed a mass lesion of 7mm diameter in the upper
lateral quadrant of the left breast associated with a suspicious architectural distor-
tion. Ultrasonography showed a corresponding suspicious architectural distortion
measuring 14 x 12 x 8 mm? with typical posterior acoustic shadowing. Histopathol-
ogy of the whole abladate revealed a trifocal carcinoma with the single tumors lying
directly adjacent to each other including an intermediate grade (G 2) invasive ductal
carcinoma and an intermediate to low grade (G 2-3) invasive lobular carcinoma.

Figure 5.2a—d show EV-Mx, A-Mx, PC-Mx and DF-Mx of breast abladate II.
Histological images in hematoxylin-eosin staining show parts of the tumor-infiltrated
tissue strands originating from the main tumor (Fig.5.2f, g). Spiculated soft-tissue
strands originating from the tumor and perfusing the surrounding tissue within a
distance of approximately 2cm were detected in all image modalities. However,
in the DF-Mx (and to some extend in PC-Mx), the extension of the strands was
distinctively vaster than suggested by the other image modalities reaching even up to
the posterior resection margin (inlays in Fig. 5.2d). Histology revealed that the tissue
strands consist of vessels and are partially infiltrated by tumor cells.

The poor differentiability of the spiculated strands in IV-Mx, EV-Mx, A-Mx and
PC-Mx within the surrounding tissue can mainly be attributed to the small diameter
(1-1.5mm) of the strands in comparison to the underlying breast tissue (5 cm) in
beam direction as well as the fact that the differences in electron density between
the tissue strands and the surrounding fatty breast tissue are relatively low. Hence
the effective change in linear absorption coefficient (EV-Mx, A-Mx) and electron
density (PC-Mx) induced by the tissue strands with respect to the embedding tissue
is minor, resulting in a poor contrast which is insufficient for proper delineation of
the tissue strands from the surrounding tissue (CNR = 0.86). However, the scat-
tering properties within the strands strongly differ from the surrounding tissue. By
means of DF-MXx, a clear differentiation (CNR = 3.98) from the surrounding tis-
sue was achieved, since scatter caused by the vessels and highly cellular structures
within strands is not limited by their thickness. Although the micromorphology of
the strands remains spatially unresolved, sub-resolution sensitivity towards the inher-
ent structures is provided by the dark-field signal. Thus, the small-angle scattering
signal caused by vascular walls and structures with high cellularity is detected by
DF-Mx. Since inherent structures are mostly aligned alongside the strands, scatter is
highly isotropic resulting in an add-up of signal. Additionally, DF-Mx provides a flat
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Fig. 5.2 Dark-field mammography reveals pervasion of the breast with partially tumorous soft-
tissue strands. Clinical ex-vivo mammography (a), experimental absorption-contrast mammogra-
phy (b), phase-contrast mammography (c) and dark-field mammography (d); in-vivo mammography
(e) of patient II in craniocaudal projection; pink arrows in a and e indicate the trifocal carcinoma;
white rectangles in a—e indicate partially infiltrated tissue strands emerging from the tumor; exem-
plary histological image (hematoxylin-eosin staining) of partially tumor-infiltrated tissue strands
(f) and (g) as indicated by black arrows. The arrow in b—d indicate one-directional measurements
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background as fatty tissue is hardly scattering. This facilitates the depiction of the fine
tumor strands from the surrounding tissue, yet undetectable in conventional imaging.
With the information obtained by DF-Mx available in the preoperative mammogram
of this patient, an additional preoperative MRI would likely have been recommended
for clarifying the tumor extent with respect to pectoral muscle infiltration.

5.2.3 Case III | Phase-Contrast Mammography Reveals
Tumor Margins with Special Cellular Characteristics

Patient III presented with a palpable mass in the upper lateral quadrant of the left
breast. Palpation revealed two suspicious indurations: in the left upper lateral and in
the left lower medial quadrant. IV-Mx (Fig. 5.3e) revealed a suspicious mass (tumor
1), measuring 14 x 9mm? in the left lower medial quadrant which was mainly
superimposed by breast parenchyma. A second mass of 12 x 8 mm? was found in
the left upper lateral quadrant (tumor 2). Sonographically (Fig.5.3f shows tumor
1), both tumors had typical malignant features such as poor echogenicity, blurred
margins and a hyperechogenic rim. Histopathology revealed tumor 1 (Fig.5.3g) asa
2.5 x 1.2 x 1 cm® moderately differentiated (G 2) invasive carcinoma of not specific
type (NST), tumor 2 as a partially hemorrhagic, 2.5 x 2.3 x 2cm?® moderately
differentiated (G 2) invasive carcinoma NST containing a postbioptic hemorrhagic
cavity.

Figure 5.3a—d show EV-Mx, A-Mx, PC- and DF-Mx of sample III. Note, that the
air inclusions represent a tissue defect at the biopsy site in tumor 2. Both tumor
manifestations are detectable within the dissected breast in all modalities. In the PC-
and DF-Mx, an additional strong, linear contrast was observed exclusively at the
dorsal margin of tumor 1 (black arrows in Fig. 5.3c, d), enabling a clear differentiation
from the adjacent breast tissue. Histopathological work-up revealed a desmoplastic
stromal reaction and fibrous changes alongside the edge of the tumor resulting in a
sharp demarcation from the surrounding tissue (black arrows in Fig.5.3g).

The distinct separation of tissue is accompanied by a strong local variation in
refractive index across tumor and adherent parenchyma, which generates a high
contrast within the phase signal. Further X-rays are scattered at the tissue border
alongside the tumor margin as visible within the dark-field image signal. Finally,
the dark-field signal may additionally be sensitive to changes in tissue cellularity
induced by the desmoplastic stromal reaction. In contrast, absorption-based imaging
(IV-Mx, EV-Mx and A-Mx) is hardly sensitive towards this specific tumor entity and
displays posterior and anterior tumor margins in a very similar manner.
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Tumor 2

Fig.5.3 Phase-contrast mammography reveals tumor margins with special cellular characteristics.
Clinical ex-vivo mammography (a), experimental absorption-contrast mammography (b), phase-
contrast mammography (c) and dark-field mammography (d); in-vivo mammography (e) of patient
III in craniocaudal projection; white rectangle indicating tumor 1; ultrasonography of tumor 1
(f); histological image (hematoxylin-eosin staining) of tumor 1 (g); posterior margin of tumor 1
exhibiting a desmoplastic stromal reaction as indicated by black arrows in ¢, d and g. The crossed
arrows in b—d indicate bi-directional measurements
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5.2.4 Case IV | Phase-Contrast Mammography Reveals
Actual Tumor Spread

Patient IV presented with an irregularly delineated tumor in the left breast. IV-Mx
(Fig.5.4e) revealed a suspicious lesion superimposed by breast parenchyma, mea-
suring 2.5 x 2.2 cm? which was prior to excision diagnosed as a cyst. Close to the
cyst in mediocaudal direction a second mass of 2 x 2cm? with architectural dis-
orders was found (pink arrows). Sonographically, the second mass yielded typical
malignant features such as poor echogenicity and blurred margins, albeit was mea-
sured to 3.5 x 1.6 x 2.5 cm?®. Histopathology revealed the tumor as a 4 x 2 x 2 cm?
moderately differentiated (G 2) invasive carcinoma of not specific type (NST) with
infiltration into the surrounding tissue. Dynamic MRI including contrast-enhanced
subtraction (Fig.5.4f) and native T2-sequence imaging (Fig.5.4g) were conducted
to verify tumor and cyst, respectively.

Figure 5.4a—e show EV-Mx, A-Mx, PC-Mx, DF-Mx and differential phase-
contrast mammography (DPC-Mx) of the breast specimen IV in craniocaudal orien-
tation. Within IV-Mx, EV-Mx, A-Mx, PC-Mx the cyst and central tumor mass are
equally well depicted and the latter measured to a maximum diameter of 2.2 cm.
However, in PC-Mx and DPC-Mx multiple, horizontally aligned tissue strands out-
bonding the tumor (length of about 2 cm) in direction of the mammilla, are visible
(framed inlays), remaining completely undetected by the other imaging modalities.
Histological work-up verified a tumorous infiltration of the surrounding breast tissue
with fine spiculations (arrows in Fig. 5.4j) and determined the maximum tumor size
to 4 cm, supporting the findings of PC-Mx and DPC-Mx.

Similarly to patient II, the fine tissue strands provide an insufficient absorption
contrast, further being superimposed by the underlying dense breast parenchyma.
However, contrasting case II, no increased cellularity nor cell morphology was found
within the spiculations, which presumably gives account to the absence of a promi-
nent dark-field signal in patient IV. Surprisingly, even within the MRI contrast-
enhanced subtraction image (Fig.5.4f) the spiculations were overlooked, possibly
due to either a limited uptake of contrast agent within the fine spiculations or limited
spatial resolution of MRI. As a consequence the tumor size was strongly underes-
timated with a maximum diameter of 3.2 cm only. Finally, PC-Mx and DPC-Mx
provided the best depiction of the spiculations, utilizing an enhanced soft-tissue con-
trast but also increased image acutance gained by high-frequency boosted image
details.

In addition, we found that DF-Mx (Fig. 5.4d) enables a strongly contrasting depic-
tion of the microcalcified tumor core (pink arrows) and cyst encapsulation (blue
arrows) from the surrounding, poorly scattering tissue. Also within the DPC-Mx
(Fig. 5.4e) the sharp tissue demarcation between cyst encapsulation and embedding
breast tissue is well resolved. Finally, note that the interior of the cyst, which is of
fluid nature, does not exhibit any dark-field signal at all. Here, dark-field imaging
yields the potential to improve diagnostics of highly suspicious cysts which currently
need an aspiration of the comprised tissue to exclude malignant components [23].
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Tumor

Fig. 5.4 Phase-contrast mammography reveals actual tumor spread. Clinical ex-vivo mammog-
raphy (a), experimental absorption-contrast mammography (b), phase-contrast mammography (c),
dark-field mammography (d) and differential phase-contrast mammography (e); in-vivo mammog-
raphy (h) of patient IV in craniocaudal projection; white rectangles indicate area with tumor exten-
sions; representative section from the in-vivo MRI including contrast-enhanced subtraction (f) and
native T2-sequence image (g); histological image (hematoxylin-eosin staining) of the collapsed cyst
(i); the cyst border is highlighted by blue arrows in d, e and i; histological image (hematoxylin-eosin
staining) of the tumor (j); tumor core as indicated by pink arrows in d and h; tumor extensions as
indicated by black arrows in ¢, e and j. The single and crossed arrows in e and b—d indicate one
and bi-directional measurements, respectively
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5.3 Discussion | Phase-Contrast Mammography
as a Promising Candidate for Clinical Screening

In this ex-vivo study on four selected mastectomy samples containing bi- and multifo-
cal carcinoma, we evaluated the diagnostic value of grating-based phase-contrast and
dark-field mammography at a conventional, polychromatic X-ray source. We showed
that dark-field mammography provides complementary information in comparison
with conventional imaging, by revealing tissue strands emerging from the tumor,
detecting microcalcified tumor nodules and depicting focality and tumor margins in
correlation with histology.

Until now, only a few investigations lay their focus on the diagnostic value of dark-
field imaging of dissected breast samples [17-22]. Stampanoni, M. et al. analyzed five
mastectomy samples using phase-contrast mammography and found that the fused
images created from the grating-based absorption, phase and dark-field signals enable
a better visualization of small tumors, skin infiltration and differentiation between
scars, healthy tissue and invasive cancer [21]. A blinded follow-up reader study
came to the conclusion that the fused images outperform conventional digital mam-
mograms in terms of overall image quality and sharpness [22]. Our results confirm
these findings, indicating an improved visibility of high-frequency features (tissue
strands, tumor margins, spiculations and cyst margins) within phase-contrast mam-
mograms. Moreover, we could demonstrate that sub-resolution dark-field sensitivity
helps to detect highly dispersed microcalcifications when examining complete breast
samples that are not visible in other modalities due to size and volume, but that are
nonetheless indicative of malignancy. This is accordance with studies by Michel, T.
et al. who analyzed slices of cancer-bearing breast samples [18]: they showed, that
the presence of microcalcifications within the tumor results in a high dark-field signal
albeit the microcalcifications were not detectable in the conventional mammogram.

Exceeding previously published studies on phase-contrast mammography on
whole mastectomy samples, our study is exemplarily indicating that dark-field mam-
mography may outperform all conventional imaging modalities in the detection of
small or low-density tumor nodules, fine structures and delineation of tumor tissue.
The correct determination of tumor size and margins including tumor branches—
especially within dense breast tissue—may prevent incomplete resection and the
need for follow-up resections. Moreover, the capability of detecting minor or
highly dispersed calcium grains strongly facilitates the sensitivity towards incipi-
ent calcification-processes and therewith detection of early stage tumors. However,
it still remains debatable, to which extent a higher sensitivity in the detection of cal-
cifications, unresolved in conventional mammography, will influence the percentage
of overdiagnosis and lead to additional breast biopsies.

One challenge in breast cancer treatment is the prevention of recurrent disease that
can be caused by incomplete resection or unnoticed multifocality and multicentricity
at the time of diagnosis. A considerable percentage (1375 %) of primary breast
cancers occur as multifocal disease with often small satellite nodules not detected in
conventional breast imaging [24]. Breast MRI has been shown to be more sensitive
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in the detection of multifocality, but is time- and cost-intensive. Our results indicate
that dark-field mammography yields the potential to detect small tumors, especially
if micro-calcified, at a better resolution than MRI, even though additional lesions—
depending on their localization—might still need further histological assessment.
While the experimental measurements were conducted within a clinically feasible
frame (compact setup, conventional X-ray tube and adequate sample compression)
the applied radiation dose exceeds the corresponding clinical ex-vivo value (aver-
age glandular dose ranging from 0.56 to 1.22mGy) by far. The estimated glandular
dose applied at our experimental setup was 66—72 mGy (total exposure time of 81 s)
per projection and scan direction, depending on the sample thickness. Since mea-
surements were not conducted dose-optimized, several aspects can be addressed to
reduce the dose applied: an increase of 13.2—-49.4 % setup fringe visibility by improv-
ing the beam quality (design energy, beam filtration) and grating quality (duty-cycle,
grating substrate thickness, grating height) would already imply an approximately
14-fold decrease in dose for phase-contrast imaging. An optimization of the detector
with respect to the design energy of 27keV and the replacement of the X-ray target
molybdenum with tungsten could further double the setup efficiency. A decrease of
9-3 s exposure time per step would further decrease the dose by a factor of 3. Corre-
sponding “low”-dose measurements were exemplarily conducted in case of patient I
(one scan direction) providing equivalent quality of detection for the microcalcified
tumor nodules (Fig. 5.5a) and suggest that a much lower exposure time is practicable.
These considerations would imply a reduction of dose down to 0.8 mGy (1.6 mGy in
case of bi-directional scanning) which lies within the dose-limits of 2.5 mGy set by
the European guidelines for mammography [25]. Note that the measurements pre-

Fig. 5.5 Comparison of “low”- and high-dose dark-field mammography. a Low-dose (22mGy
mean glandular dose, 9 phase-steps, 3 seconds exposure time per phase-step) dark-field mammog-
raphy of patient I conducted in one scan direction, as indicated by arrow. b Corresponding high-dose
measurements (66 mGy mean glandular dose, 9 phase-steps, 9 seconds exposure time per phase-
step) conducted in two scan directions, as indicated by crossed arrows. Both images offer equal
quality in the detection of the tumor nodules
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sented here were further conducted with the dose-unoptimized setup (for respective
dose-compatible phase-contrast mammography cf. Chap. 7).

Keypoints

e Phase-contrast and dark-field mammography can outperform conventional
imaging techniques for certain indications.

e Dark-field mammography is sensitive to both calcified and non-calcified
tumorous structures.

e Phase-contrast mammography provides significantly enhanced visualization
of fine tumor features.

Currently phase-contrast imaging suffers from limited clinical experience and
needs further technical improvements. Previous studies demonstrate few selected
cancer cases and up to now, no independent multi-reader studies with larger patient
cohorts and lower prevalence of malignancy were performed. Thus, future studies
will have to focus on the specific value of grating-based phase-contrast imaging for
different tumor entities and on larger patient cohorts to identify those patients that
will benefit the most from this promising additional imaging modality with the final
goal of introducing phase-contrast mammography into clinical screening.

5.4 Materials and Methods

5.4.1 Study Design and Sample Acquisition

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the local ethics committee. The four selected patients suffering from
multifocal breast cancer were chosen from a collective of a prospective study on
ex-vivo phase-contrast mammography. From September 2012 to August 2013, all
patients undergoing mastectomy were asked to take part in the study. All partic-
ipants gave written informed consent before inclusion after adequate explanation
of the study protocol. Indication to breast surgery followed recommendation of the
interdisciplinary tumor conference. Inclusion criteria were a histologically proven
breast cancer in preoperative core biopsy with a recommendation to mastectomy
according to gynaecological guidelines or the patients wish for mastectomy as well
as completed preoperative conventional breast diagnostics (mammography, ultra-
sound, +/— MRI).

The study was conducted in accordance with the Declaration of Helsinki and
was approved by the local ethics committee. All participants gave written informed
consent before inclusion after adequate explanation of the study protocol.
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5.4.2 Imaging Dose

The average glandular radiation dose of the in-vivo mammography automatically
registered by the mammography unit was 0.40 and 0.41 mGy for sample I, 1.21 and
1.27mGy for sample IT and 1.35 and 1.26 mGy for sample IIT and 1.42 and 1.44 mGy
for sample IV (mediolateral oblique projection and craniocaudal projection, respec-
tively). The average glandular radiation dose of the ex-vivo clinical mammography
was 0.56 mGy for sample I, 1.22 mGy for sample II and 1.18 mGy for sample III and
1.31 mGy for specimen IV. The radiation dose of the experimental mammography
was approximated by determining the incident air kerma (2.1 mGy/s) with a Dosimax
plus/RQX detector system. The mean glandular dose was calculated by weighting
this value with a Monte-Carlo based conversion factor of 0.389-0.422, determined
by the half-value layer (Al) of 0.8 mm and breast thicknesses ranging from 4.5 to
5.0cm [26, 27].

5.4.3 Preoperative Diagnostics

Preoperative diagnostics included clinical breast examination, clinical standard two-
view digital mammography in craniocaudal (CC) and mediolateral oblique (MLO)
projections (Hologic Selenia Dimensions, Bedford, USA) using a standard breast
compression paddle and high resolution B-mode ultrasonography (standard linear
transducer 13.5 MHz, Siemens Acuson Antares, Siemens Healthcare, Germany).
For one patient additional MRI was performed by using a dedicated sensitivity-
encoding-enabled bilateral breast coil with a 3.0 Tesla system (Magnetom Verio,
Siemens Healthcare, Germany).

5.4.4 Histological Work-Up

Image data acquisition was followed by standard histological work-up according
to histopathological diagnostic guidelines. The abladates were fixated in a 4 %
neutral-buffered formaldehyde solution immediately after image acquisition. The
formaldehyde-fixated samples were cut into 5 mm slices. Representative tissue sec-
tions were dehydrated in an ascending alcohol series before embedding in hot paraffin
wax. The paraffin blocks were cut into 5 pm sections using a standard microtome
and sections were stained with hematoxylin and eosin using standard protocols.
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5.4.5 Ex-Vivo Clinical Mammography

The breast abladates were intraoperatively marked with surgical sutures for 3-D ori-
entation. The samples were fixed in craniocaudal position within a metal-framed
sample-holder realizing adequate breast compression. In order to ensure compa-
rability, both a digital ex-vivo mammography at a clinical mammomat (Hologic
Selenia Dimensions, Bedford, USA) with a pixel size of 70 x 70 wm? and an exper-
imental grating-based phase-contrast mammography with an effective pixel size of
85x 85 wm? were conducted without changing the sample position within the sample-
holder.

5.4.6 Correlation Phase-Contrast Mammography, Ex-Vivo
Mammography, In-Vivo Imaging and Histology

Phase-contrast and dark-field mammography of each sample were compared with
preoperative in-vivo standard imaging in consensus by three radiologists experienced
in breast diagnostics who were blinded for the histopathological diagnosis. After-
wards, the findings were correlated with corresponding histological sections by a
pathologist specialized in breast diagnostics.
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Chapter 6
Microcalcification Assessment
with Dark-Field Mammography

Look deep into nature, and then you will understand everything
better.
Albert Einstein

Abstract In this chapter, a dose-compatible diagnostic tool for the assessment and
risk stratification of breast microcalcifications exploiting the sub-pixel resolution
sensitivity of X-ray dark-field is presented. First, the diagnostic importance of breast
microcalcification grading and its clinical limitations are illustrated, by which the
necessity and potential of additional, refining classification procedures is given credit.
Our results indicate that dark-field imaging of microcalcifications may enhance the
diagnostic validity of current microcalcification analysis and reduce the number of
invasive procedures. Finally, we take a critical look at a recent publication, which
suggest a chemically-based assessment of calcifications by means of dark-field mam-
mography. Note that this chapter has been submitted for publication to Scientific
Reports as “Scherer, K. et al. Improved mammography diagnostics by assessing the
micromorphology of breast calcifications via X-Ray dark-field radiography”.

6.1 Motivation | Limitations of Conventional
Microcalcification Analyses

In diagnostic mammography breast microcalcifications (clusters) are the primary
evidence in the detection and assessment of early stage breast cancer (carcinoma in-
situ) and impalpable tumor lesions [1, 2]. Geometrical features such as position, size,
shape and appearance of microcalcifications within the breast indicate their possible
origin as either benign or cancerous cell processes [3—5]. Morphology and distrib-
ution descriptors (BIRADS) help to categorize microcalcifications and classify the
malignancy risk of the corresponding breast tissue, hence determining the need for
invasive assessment and follow-up procedures [6—8]. However, a clear assignment
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as benign or malignant is only possible for a few characteristic microcalcification
configurations such as egg, popcorn, skin (benign), fine linear and branching shapes
(malignant) [9]. The predominant number of microcalcification types exhibit an
unspecific, amorphous, coarse heterogeneous or pleomorphic pattern in the mam-
mogram, which is graded as uncertain and of intermediate concern resulting in a high
rate of benign biopsies [10—12].

Diagnostic potential and validity of current microcalcification analyses is limited
by the fact that morphological descriptors are restricted to the global appearance of
microcalcification clusters, since their microstructure remains spatially unresolved
with clinical mammography systems (resolution of 70—-100 wm) [13]. Furthermore,
evaluation is susceptible to projection-based superposition effects within the micro-
calcification cluster [ 14]. Recent literature however gives strong evidence that spatial
information on the interior morphology of microcalcifications could complement
and refine the conventional assessment and grading of microcalcifications in clin-
ical examination: Gufler, H. et al. reported in ex-vivo microCT studies investigat-
ing biopsy samples (resolution of 8.4 um) that benign microcalcifications exhibit a
lamellar-trabecular micromorphology while malignant microcalcifications are com-
posed of granulous substructures [15]. Imamura, K. et al. used synchrotron radiation
imaging (resolution of 6 pm) to demonstrate that pleomorphic microcalcifications
consist of a significantly higher ratio of fine, clustered specks than amorphous micro-
calcifications [16]. Finally, Langen, H. et al. revealed calcifications which appeared
linear on conventional radiography (12Lp/mm), thus assigned as high risk calci-
fication, as a superposition of harmless, round microcalcifications by using high-
resolution microradiography (2000 Lp/mm) [17]. A corresponding example showing
a fibrocystic mastopathy with sclerosing adenosis (benign) is depicted in Fig.6.1.

Although previous ex-vivo case studies showed an improved diagnostic discrim-
inability between malignant and benign microcalcifications by assessment of their
3D-micro-morphology for certain indications, the underlying imaging techniques
are unsuitable for clinical, in-vivo mammography: sufficient resolution of the micro-
morphology requires detector pixel sizes of an order of magnitude smaller than
commonly used in clinical mammography. The implementation of adequate detec-
tors would involve an immensely increased imaging dose, incompatible with the
dose limits for clinical mammography and patient health.

Here we present an alternative, indirect imaging approach based on a laboratory
Talbot-Lau Interferometer (incoherent X-ray source, flat panel detector with pixel
size of 127 pm, radiographic imaging mode) meeting the requirements of a clinical
implementation in the near future [18—20]. The key factor of the presented method
is the simultaneous measurement of absorption (relative decrease in transmission
T) and dark-field signal (relative decrease in fringe-visibility V) with a grating-
based phase stepping approach. These two contrasts allow the determination and
comparison of material specific absorption power [t and scattering power € of the
investigated specimen [21]. Malecki, A. et al. simulated various microstructure tex-
tures composed of randomly distributed spheres and showed that spatial variations
of structural parameters far below the detector pixel resolution limit strongly impact
the ratio of absorption [ to scatter power € [22]. Schleede, S. et al. utilized this
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Fig. 6.1 High-resolution microradiography reveals suspicious microcalcifications as being benign.
a Conventional specimen radiography showing microcalcifications with a typical malignant amor-
phous, linear shape. b High-resolution microradiography reveals the microcalcification cluster as a
superposition of round and harmless calcifications. ¢ Histological slice showing round calcifications
associated with a fibrocystic mastopathy with sclerosing adenosis (benign). Figure adapted from
Langen, H. et al. (2012) [17]

correlation to reveal changes within the microstructure of emphysematous mouse
lungs, namely the decay of lung alveoli with disease progression accompanied by a
strong decrease in provided scattering power €, and could successfully discriminate
these from healthy lungs [23].

We adapt this formalism to obtain spatial information on the inherent, sub-
resolution structure of microcalcification clusters, by associating @ with the overall
calcium volume and € with the calcified interface along the beam in one detector
pixel, respectively. The pixel-wise comparison of i and € (named “normalized scat-
ter”’) then provides a measure of the microscopic surface-to-volume ratio exhibited
by the calcium particles enclosed within a particular microcalcification cluster and
can be considered as decoupled from the total microcalcification cluster thickness.
Consequently, we utilize the mean j1/€-ratio determined over the total calcified area,
as a micro-morphological classifier, by which differentiation of fine calcium grain
configurations (€ >> [i) from coarse, compact ones (€ ~ 1) is possible. We verify this
hypothesis by correlating the i1 and € measurements of 15 biopsied microcalcifica-
tion clusters, evaluated with grating-based dark-field mammography (at an effective
resolution of 85 pm), with separately obtained, highly resolved micro-CT images (at
an effective resolution of 6 um). We further test dark-field mammography as a poten-
tial indicator of early tumor malignancy by evaluating 31 biopsied microcalcification
clusters with respect to their histopathological findings.

Finally, our study raises a major issue in the conceptual design of a recent pub-
lication by Wang, Z. et al., in which the ji/e-ratio is utilized for the differentiation
of calcium oxalate dehydrate and calcium hydroxyapatite breast calcifications [24].
Here the authors relate variations in the fi/€-ratio of microcalcifications to their
chemical composition, while overlooking the impact of microstructural properties
in scatter-based contrast generation.



80 6 Microcalcification Assessment with Dark-Field Mammography

6.2 Results

6.2.1 In-Situ Microcalcification Assessment with Dark-Field
Mammography

At first, native breast tissue was investigated, to ascertain whether microcalcification
assessment with dark-field mammography is clinically applicable. With a lab-based,
three grating Talbot-Lau Interferometer (Fig. 6.2a), absorption (Fig. 6.2b) and dark-
field images (Fig. 6.2¢) of the un-fixated, freshly dissected mastectomy, comprising
a distinct microcalcification cluster, were retrieved and stitched from 16 single pro-
jections. Subsequently the included cluster was excised, embedded in paraffin and
comparative measurements performed, for the purpose of demonstrating that micro-
morphology classification is achievable independently from the surrounding material
composition or thickness. The absorption (Fig. 6.2d) and dark-field images (Fig. 6.2¢)
of the biopsied tissue show the microcalcification cluster in different orientation com-
pared to the mastectomy case.

The measured signals were normalized with respect to the tissue surrounding the
microcalcification in order to compensate for absorption and scattering contributions
of the underlying tissue in the beam direction as explained in Sect. 6.4.2. This way,
the decrease of beam intensity and fringe visibility caused by only the microcalcifi-
cation cluster is retrieved. The measured absorption power i and scattering power €
provided by the microcalcification cluster are deduced as the negative logarithm of
the normalized transmission (7,) and visibility signals (V,.) respectively by

d, d
n= / ue(2)dz=—-InT.,, €= i/ €(z)dz=—-InV,, 6.1)
0 0

hence equal the integral of linear attenuation coefficient ©.(z) and linear diffusion
coefficient €.(z) over the spatial mean thickness of the microcalcification cluster d.
respectively, where i is an interferometer-specific constant [25].

For each pixel within the calcified area in the cases of the native breast (blue) and
subsequently biopsied microcalcification cluster (red), the values of i and € were
paired and plotted within a scatter plot (Fig. 6.2f). Due to a change of cluster orien-
tation with respect to the X-ray beam, accompanied by the excision and embedding
process, corresponding projection-based data points differ slightly. However, the
overall absorption and scattering power is preserved, since the microscopic surface-
to-volume ratio of the microcalcification cluster remains unaltered. The mean 1 /€-
ratios were determined to 0.31 (£0.02) in the case of native breast and 0.33 (40.01)
in the case of the embedded biopsied microcalcification using a linear least squares
fit and were found to be consistent within the error margins. This result demonstrates
that the mean [ /€-ratio is a suitable micromorphological classifier, being unaffected
by cluster orientation and embedding material/tissue and justifies the medical rele-
vance of investigating biopsied microcalcification clusters in this study.
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«Fig. 6.2 In-situ microcalcification assessment with dark-field mammography. a Sketch of the dark-
field mammography setup, consisting of a conventional X-ray tube, a source grating Gy, a phase
grating G, an analyser grating G, and a flat panel detector. Absorption (b) and dark-field images
¢ of a cancerous mastectomy specimen with native microcalcification cluster. The insets show
magnified images of the microcalcification cluster. Absorption (d) and dark-field images e of the
biopsied and paraffin embedded microcalcification cluster. f Scatter plot comparing absorption /& to
scattering power € of the native (blue) and subsequently biopsied microcalcification cluster (red).
Mean fi/€e-ratios of 0.31 & 0.02 (Breast) and 0.33 & 0.01 (Biopsy) are consistent within the error
margins, suggesting that microcalcification assessment via dark-field mammography is suitable as
an in-situ application

6.2.2 Dependence of Absorption u and Scattering Power
€ of Microcalcification Clusters on Their Inherent
Micromorphology

In order to understand how [t and € depend on the interior structure of microcal-
cification clusters, 15 biopsies were additionally investigated with micro-CT mea-
surements (6 pm resolution). In Fig. 6.3, the data points of four microcalcification
clusters with significantly differing microstructures are compared, which are repre-
sentative of the ultra-fine, fine, pleomorphic and coarse classes. It is apparent that
both the slope and pattern of the measured scatter plots vary strongly between the
microstructure classes.

The microcalcification with ultra-fine microtexture (blue framed) yields a distinc-
tively uniform micromorphology consisting of very small calcium particles (grain
radius of r ~ 75 wm) only. According to expectations, this configuration is strongly
scattering and hardly absorbing, resulting in the flattest slope (it/é = 0.14) of all
investigated data. Furthermore, the spread of data points is small (Var(ix/€) = 0.003),
indicating a high degree of regularity in particle size. The microcalcification clus-
ter with fine microstructure (red framed) comprises some additional larger calcium
particles (r ~ 175 wm), causing a slight increase in overall absorption power fi, in
comparison to the ultra-fine microstructure. Besides, a larger particle correlates well
with a few isolated data points (Var(i/€) = 0.008), which exceed the average 1/€-
ratio of 0.26 with respect to absorption power . A very pronounced diversification
in inherent grain sizes was found in the case of the pleomorphic microcalcification
cluster (purple framed). This microstructure comprises a strongly inhomogeneous
(Var(ft/€) = 0.89), yet separated mix of very small (» &~ 75um) and distinctly
larger calcium particles (r &~ 275 pm), causing an overall steeper slope of the data
points (/€ = 0.46), with separation into a strongly scattering/poorly absorbing
(small particles for f1/€ < 0.46) as well as a poorly scattering/strongly absorbing
branch (large particles for 1/€ > 0.46), respectively. The steepest slope was found
for the microcalcification cluster with coarse texture (green framed). The distinctive
feature for this class is a compact micromorphology, comprising very large calcium
structures only (» & 700 wm) while lacking tiny grains (Var(jit/€) = 0.32). Here
the microscopic surface-to-volume ratio exhibited by the microcalcification cluster



6.2 Results 83

[MC 15,4/ = 0.72, Var = 0.32]

MC 11, 73/€ = 046, Var = (.89

0.40

.‘Mnnnl
& 9

JJ il ﬂ
] ave

Fig. 6.3 Dependence of absorption and scattering characteristics of microcalcification clusters
on their inherent micromorphology. Scatter plots comparing the absorption [ to scattering power
€ of four microcalcification clusters, representative of the ultra-fine (blue), fine (red), pleomorphic
(purple) and coarse (green) microtexture classes together with corresponding micro-CT images. For
clarity, data points are shifted in €-direction by a value of 0.2 each. Discriminative mean (i /€-ratios
of 0.14, 0.26, 0.46 and 0.72 were found to be strongly different for each of the four microtexture
classes. A measure on the degree of regularity in calcium grain sizes is given by the variance
of data points. Structural characteristic, i.e. a distinct diversification in grain size in the case of
the pleomorphic microtexture, are consistent with the scatter data as indicated by arrows. For a
respective rendering find Fig. A.1

is minimized, indicated by a strongly increased absorption ft and decreased scatter-
ing power €, respectively (it/€ = 0.72). Consequently, by determining the slope and
spread (variance) of it and € of microcalcification clusters, a measure of the mean
particle size and size distribution of calcium grains can be obtained.

To quantitatively investigate the dependence of the [i/€-ratio on the microstruc-
ture, particle-surface distributions were exemplary deduced: the corresponding
micro-CT volumes were thresholded, each microparticle was fitted on a voxel-based
segmentation algorithm, its volume and surface interpolated and the total micro-
calcification surface o accumulated, as explained in Sect. 6.4.4. The particle-surface
distribution then quantifies surface-to-volume characteristics of each cluster, by spec-
ifying the relative amount of surface occupied by calcium grains o, /o, dependent
on their grain size r (respectively volume).
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Fig. 6.4 Quantitative classification of microcalcification clusters utilizing the correlation between
micromorphology and mean [i/€é-ratio (I). Overview of 8 microcalcification clusters (micro-CT
images) sorted with increasing mean ft/€-ratio and particle-surface distribution o, /o, quantifying
their inherent microstructure. A consistent relation between the mean ji/€-ratio and the micromor-
phological descriptor o, /o was found, by which a categorical classification in ultra-fine (blue) and
fine micromorphologies (red) is feasible

In Figs. 6.4 and 6.5 we compare the mean [i/€-ratios (sorted in increasing order),
the interior morphology and particle-surface distributions o, /o of 15 microcalcifica-
tion clusters. We found a high correlation between i /€ and o, /o with characteristic
values for each of the four microtexture classes, as summarized in Table. 6.1.

Microcalcification clusters, exhibiting a mean ji/€-ratio below 0.33 (MC 1-8),
were found to be exclusively composed of calcium grains smaller than 275 um in
radius. Within this class, microcalcifications meeting the requirement of 1 /€ < 0.17
could be further differentiated as ultra-fine (MC 1-4) where more then 70 % of the
overall cluster surface is occupied by ultra small grains (r < 175 pm). Microcalci-
fications with fine texture (MC 5-8) yielded a (1 /€-ratio between 0.22 and 0.33 and



6.2 Results 85

MC 9,ji/é = 0.40 MC 10,ji/ = 0.45] MC 11,73/ = 0.46) MC 12,1/ = .55
- el
; i ‘é‘:':_/ . { m
e et 5 ¥ i \.
b l‘ '([* r a4 o <
£ L ' 4y - Gl %
: by N 'Ef“ ‘
-
t 3 8 5

0“ I'U_
05
0.

a1

5 50 100 175 275 425 700 oo [pm|

[500 um [500 um
z z 2
: = b
5 5 5

7a)

fa,

< S o
= ____ S __° =
F 5 50 100 175 275 425 700 oo [pmir 5 50 100 175 275 425 700 co [pm|F 5 50 100 173 275 425 700 oo (pm|

Fig. 6.5 Quantitative classification of microcalcification clusters utilizing the correlation between
micromorphology and mean [i/€é-ratio (II). Overview of 7 microcalcification clusters (micro-CT
images) sorted with increasing mean /i /€-ratio and particle-surface distribution o, /o, quantifying
their inherent microstructure. A consistent relation between the mean fi/€-ratio and the micro-
morphological descriptor o, /0 was found, by which a categorical classification in pleomorphic
(purple) and coarse micromorphologies (green) is feasible. Note that the mean ji/€é-ratio between
microcalcification clusters can differ by more then 500 %, as for instance when comparing MC 1
against MC 15

comprised more of slightly larger particles (175 < r < 275 pwm) which contribute to
more then 30 % of the overall surface. The smallest i1 /é-ratio of 0.14 was obtained
for an ultra-fine microcalcification cluster (MC 1), with no grains bigger than 175 pm
in radius.

Four i /€-ratios between 0.4 and 0.55 were measured for microcalcification clus-
ters with strongly pleomorphic microstructure (MC 9-12). Intermediate ft/e-ratios
can be attributed to a broad spectrum of included grain sizes and therefore averaging
of scattering and absorption contributions related to small and larger particles, respec-
tively. The pleomorphic nature of this class is well indicated by the



86 6 Microcalcification Assessment with Dark-Field Mammography

Table 6.1 Quantitative classification of microcalcification clusters

Microcalcification Microtexture Class or/o /€
MC 14 Ultra-fine [0r<175um/0]1 = 0.7 | <0.17
(rmax < 275 pm)
MC5-8 Fine (rmax < 275um) |[0r<175um/01 < 0.7 |0.22-0.33
MCO9-12 Pleomorphic 0.25 < 0.40 — 0.55
[o/>275 |Lm/0] <0.75
MC 13-15 Coarse [0/>275um/0]1>0.85 | > 0.6

Ensuing from Figs. 6.4 and 6.5 microcalcification clusters can be quantitatively differentiated as
ultra-fine, fine, pleomorphic and coarse textured, utilizing the correlation between mean fi/€é-ratio
and particle-surface distribution o, /o (micromorphological descriptor)

circumstance that large calcium grains (r > 275 wm) occupy at least 0.25 % but not
more then 0.75 % of the overall surface. Consistently, also within this group of micro-
calcifications a progression towards the inclusion of larger particles (r > 425 pum)
with increasing fi/€-ratio (MC 11-12) was identifiable.

Coarse microtextures were observed for microcalcification clusters with f/e-
ratios exceeding a threshold of 0.6 (MC 13-15). A characteristic for this configuration
is asmall number of very large calcium structures dominating the overall microtexture
appearance, i.e. accounting for more then 85 % of the overall surface, while small
scatter-determining grains are negligible with respect to the occupied surface fraction.
In accordance, the highest j1/€é-ratio of 0.72 was observed for a structure (MC 15)
consisting of a single, compact calcification only.

6.2.3 Microtexture of Microcalcifications as a Potential
Indicator for Early Tissue Malignancy

In a very first approach, we tested the determined microtexture (ultra-fine, fine, pleo-
morphic or coarse) of microcalcifications as such as an indicator for tissue malig-
nancy in early stages. This was done by comparing [t versus € in a scatter plot for 11
microcalcifications associated histopathologically with a ductal carcinoma in-situ
and 20 microcalcifications associated with a benign finding (Fig. 6.6a). The over-
all amount of investigated material corresponds to a microcalcified surface area of
approximately 200 mm?.

It is noticeable that benign microcalcifications dominate the region of ji/€-ratios
determined for ultra-fine and fine micromorphologies, while the malignant microcal-
cifications prevail within ratios determined for pleomorphic and coarse microstruc-
tures. The frequency distributions of ji/é-ratios (range of 0.01 to 1.5) obtained for
the corresponding benign and malignant microcalcifications (Fig.6.6b), ascertain
this impression. By relative comparison of the histograms, we found that only 12 %
and 37 % of microcalcifications associated with ultra-fine and fine microstructure
are of malignant nature while it is 68 and 69 % in case of polymorphic and coarse
microtextures, respectively.
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Fig. 6.6 Microtexture of microcalcifications as a potential indicator for early tissue malignancy. a
Scatter plot comparing the absorption f to scattering power € of 11 microcalcifications associated
histopathologically with a ductal carcinoma in-situ (red) and 20 microcalcifications associated
with a benign finding (blue). b Histogram comparing the distribution of all ji/€-ratios found for
benign and malignant microcalcifications obtained from a. Benign microcalcifications yield i/€-
ratios associated with ultra-fine and fine micromorphologies, while malignant microcalcifications
prevail within ratios determined for pleomorphic and coarse microstructures. ¢ Receiver operating
characteristic curve estimating the performance of microtexture analysis as a potential indicator for
early tissue malignancy, using a single [i/€-cut-off value. An optimal criterion (Youden index) for
the discrimination of begin from malignant microcalcification was found for ji/€ = 0.33

In order to utilize this discriminability for diagnostics and estimate the perfor-
mance of dark-field mammography as a predictor of malignancy, utilizing a single
[1/€-cut-off value, a receiver operating characteristic was obtained [26]. The receiver
operating characteristic curve (Fig.6.6c) compares sensitivity (true positive rate)
against 1-specificity (false positive rate) when classifying microcalcifications as
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malignant if exceeding various [i/€-cut-off values. An optimal discrimination crite-
rion (Youden index) was found for fi/€ = 0.33 which surprisingly corresponds to
the crossover of fine granular to pleomorphic microstructure. With a probability of
83 %, a malignant microcalcification will be correctly assigned as such, while 43 %
of benign microcalcifications are falsely classified. We found that a malignant micro-
calcification may be graded with higher suspicion than a benign microcalcification
utilizing its microtexture a probability of 73 % (area under the receiver operating
characteristic curve), which is considered a fair test quality [27].

6.3 Conclusion | Microcalcification Assessment
as a Diagnostically Promising Add-On Tool

In summary we have presented a novel, non-invasive and dose-equivalent method
using X-ray dark-field mammography for breast microcalcification assessment that
overcomes the major shortcomings of current microcalcification evaluation with
conventional mammography: first, retrieval of microstructural properties proved to
be fully-3D sensitive, hence not affected by projection-induced overlapping and
superposition artefacts of microcalcification clusters in radiographic imaging mode.
Second, microscopic resolution is provided through comparison of the global absorp-
tion to scattering power of microcalcification clusters, hence it is unrestricted by the
resolution limit of the detector and therefore clinically compatible. Third, microcalci-
fication analysis is quantitative and thus independent of the examining radiologist. A
categorical differentiation of microcalcification clusters as ultra-fine, fine, pleomor-
phic and coarse microtextured was achieved by determining characteristic [t /€-ratios
and revealing the particle-surface distribution o, /o as a suitable micromorphological
descriptor.

In a preliminary study investigating 31 biopsy samples the microtexture of micro-
calcifications was reviewed as a potential indicator for early tumor malignancy, con-
sidering that 85-95 % cases of ductal carcinoma in-situ are detected due to their
appearance in screening [1]. A fairly good correlation of ductal carcinoma in-situ with
pleomorphic and coarse microstructures was reported in our study. Furthermore, we
found that the crossover from fine to pleomorphic microstructure could be a potential
indicator towards a higher probability of malignancy. Although literature currently
does not provide a consistent framework for the validation and interpretation of our
results (due to a very limited number of micro-CT studies available), we believe that
with ongoing research microtexture analysis utilizing a single cut-off value could
provide a differentiated reader-independent tool for risk stratification. Future appli-
cations in ductal carcinoma in-situ (DCIS) evaluation may include the determination
of subtypes or evaluation of developing invasive breast cancer, currently impossible
with conventional microcalcification evaluation, with the ultimate goal of addressing
over-treatment of DCIS [28, 29].
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Fig. 6.7 Chemically-based differentiation of microcalcification via dark-field mammography? a
Phantom study investigating potentially arbitrary powders, proposes a chemically-sensitive differ-
entiation of Type I and II microcalcifications, contingent on variations in the exhibited € /fi-ratios
of up to 400 %. Supposition and figure adapted from Wang, Z. et al. (2014) [24]. b Simulations
on the €/pu-ratio found for an assembly of type I and II grains with varying grain size and fixed
overall volume. While the grain size is strongly impacting the €//i-ratio, no significant chemical
dependence was found, as illustrated by the green diamonds being nearly unity. ¢ Experimental
verification that the reported variations of 400 %, can be solely explained by the microstructural
properties of calcifications, which renders a chemically-based discrimination unjustified. Note that
for reasons of consistency the €/i- rather than the ji/€-ratio is displayed

In addition X-ray dark-field mammography could be of high interest for imaging
of very small or low density calcifications. We found that ultra-fine micro-structures
yielded an approximately 7 times higher signal in the dark-field in comparison to
the absorption channel (it/€ = 0.14). This significant increase in dark-field and
reduction of absorption contrast with decreasing calcium grain size, could enable
the detection of incipiently growing microcalcifications in early tumor stages or
dense breast tissue, which are currently overlooked in conventional mammography
[30, 31].

Finally, our results strongly indicate that the micro-morphology of microcalcifica-
tions is the most prevailing factor in the determination of the i1 /é-ratio of microcal-
cifications, which is in accordance with theoretical considerations on the generation
of the dark-field imaging contrast [21, 22, 32]. First, we observed a change in the
[t/ €-ratio of more then 500 % from ultra-fine to coarse microtexture (cf. Figs. 6.4 and
6.5 MC1 vs. MC 15). Second, minor structural deviations within one microtexture
class, for example an increase in maximum grain size, were found to be consistent
with a corresponding change in the mean jt/€e-ratio (cf. Figs.6.4 and 6.5 MC1 vs.
MC3).

These insights dispute the main conclusion of a recent publication by Wang, Z.
et al. (2014), namely the differentiation of calcium oxalate dehydrate (Type I) from
calcium hydroxyapatite (Type II) breast calcification by measuring the j1 /€-ratio [24].
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In their study, the authors completely overlook the impact of microstructural prop-
erties on scatter-contrast generation and instead solely relate the /i /€-ratio of breast
calcification to their chemical composition, on which the proposed diagnostic test is
based on. Within their phantom study, they interpret discrepancies in the fi/€-ratio of
about400 %, which are very similar to the values presented here, to crystalline proper-
ties of type I and type II calcifications, while neglecting that the investigated powders
comprise arbitrary grain sizes (Fig. 6.7a). Further, our simulation on dark-field imag-
ing of type I and type Il calcifications do not predict any significant differences in the
exhibited [i/€-ratios (Fig. 6.7b), which is accordance with literature [33]. Hence, our
results show on both a theoretical (Fig. 6.7b) and experimental basis (Fig. 6.7c), that
the reported variations of 400 % can be solely explained by the microstructural con-
stitution of the investigated microcalcification cluster. We are therefore convinced
that a chemically-based discrimination of calcifications via dark-field radiography is
purely hypothetical and unjustified. For a more detailed discussion see Appendix B.

Keypoints

e Sub-resolution dark-field mammography enables classification of microcalci-
fications as ultra-fine, fine, pleomorphic and coarse textured rather than giving
a chemical grading.

e The microtexture of microcalcifications is a promising indicator for (early)
tissue malignancy.

e The dark-field signal of ultra-fine calcifications strongly exceeds the corre-
sponding absorption signal.

We suggest that the assessment of microcalcifications using dark-field mammog-
raphy is suitable as a future in-situ application, since we could assign a cluster within
native breast tissue as fine textured before undergoing excision and subsequently val-
idating our prediction. In this proof-of-principle study, long exposure scans (9 phase-
steps with 9s exposure time each) were used, resulting in a mean glandular dose of
72 mGy per projection when measuring the cancerous mastectomy (for a detailed
dose calculation cf. Sect.5.4.2). Note that the measurements presented here were
further conducted with the dose-unoptimized setup (for respective dose-compatible
phase-contrast mammography cf. Chap. 7).

Nevertheless, together with other recently demonstrated advances of dark-field
mammography in breast microcalcification imaging such as overall increased
contrast-to-noise ratio and enhanced delineation, we believe that microtexture analy-
sis will push grating-based mammography towards clinical application in the near
future [34, 35]. Especially in the large group of uncertainly graded microcalci-
fications, microtexture analysis yields the potential to refine conventional, highly


http://dx.doi.org/10.1007/978-3-319-39537-1_5
http://dx.doi.org/10.1007/978-3-319-39537-1_7

6.3 Conclusion | Microcalcification Assessment as a Diagnostically ... 91

subjective BIRADS classification and help to improve cancer risk stratification with
the final goal of avoiding unnecessary and cost-intensive procedures.

6.4 Materials and Methods

6.4.1 Pool of Specimens

The freshly dissected, un-fixated breast specimen was obtained by mastectomy from a
63 year old patient. Histopathological work-up confirmed an invasive carcinoma. The
specimen was measured in cradiocaudal orientation and was compressed to a med-
ically reasonable thickness of 4.5 cm. The pool of 31 biopsies consisted of 11 micro-
calcifications hist-pathologically associated with in-situ carcinomas obtained from
10 patients and 20 microcalcifications hist-pathologically associated with benign
finding from 13 patients. In order to avoid small-angle scatter from surface rough-
ness, paraffin blocks were flattened before dark-field measurements.

6.4.2 Data Normalization

For the purpose of investigating microcalcifications independently from the under-
lying tissue in the beam direction, measured signals (7, V') were normalized with
respect to the surrounding tissue (7, V;). Microcalcifications were discriminated
from surrounding tissue, by thresholding and subsequent masking of the calcified
areas within the dark-field image. On the supposition that the microcalcification
cluster is distinctively thinner than the specimen (d, < d), the decrease of beam
intensity (7,) and fringe visibility (V,) caused only by the microcalcification cluster
can be retrieved by

and V, = (6.2)

6.4.3 Micro-CT Measurements

High resolution 3D-images were obtained with a micro-CT vtomex scanner (Phoenix
X-ray, GE) tuned at 100 A and 60 kVp. Each paraffin block was measured at 1000
angles with 1 second exposure time per projection. An effective resolution of 6 pm
was achieved. 3D-volumes were reconstructed using the software VGStudio Max.
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6.4.4 Voxel-Based Segmentation Algorithm

Micro-CT volume data was segmented by thresholding into two phases—
microcalcification and enclosing paraffin—followed by a labelling process, which
identifies clusters of interrelated voxels. This was achieved by calculating sub-
volumes of voxels, on the condition of at least sharing one mutual surface and
considering sub-volumes greater than 5 voxels only. Afterwards, the volume and
surface of each particle were interpolated and the particle radius calculated from a
sphere of equivalent volume.
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Chapter 7
Toward Clinically Compatible
Phase-Contrast Mammography

I have wanted to fly into space for many years, but never
imagined it would really be feasible.
Stephen Hawking

Abstract This chapter is dedicated to the clinical compatibility of laboratory-based
phase-contrast mammography. First, we present which hardware changes and opti-
mizations were conducted throughout the duration of this thesis, which enabled the
first dose-compatible and rapid scan time phase-contrast mammograms of a freshly
dissected mastectomy. In a next step, we quantitatively verify that the absorption
mammograms obtained from the phase-contrast mammography unit meet the imag-
ing criteria set by the American College of Radiology. Further, this chapter elaborates
on the adaptation of tomosynthesis—which is nowadays common practice in clinical
routine—towards phase-contrast and scatter-sensitive imaging. Note that some of the
here presented results have been published as “Scherer, K. et al. Toward clinically
compatible phase-contrast mammography. PLoS One 10, 0130776 (2015)”. Finally,
this chapter concludes with a possible solution on how to present trimodal data in a
comprehensive manner. The utilized fusion algorithm is provided by E. Coello (GE
Global Research, Munich), was developed in collaboration with the TUM, and is
based on the publications “Coello, E. Image fusion in X-Ray phase contrast imaging
(Technische Universitit Miinchen, Munich, 2014)”.

7.1 Motivation | Status Quo of Phase-Contrast
Mammography

With the introduction of a three-grating Talbot-Lau interferometer using structured
gratings, phase-contrast imaging is no longer restricted to highly brilliant X-ray
sources, but instead is compatible with conventional laboratory sources, so that great
potential for clinical applications is envisioned [1]. Especially in the case of mam-
mography, recent studies verified diagnostic advantages for certain mammographic
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indications, when utilizing phase- and scatter-sensitive imaging [2-5]. However, a
major shortcoming of all previous studies on laboratory phase-contrast mammogra-
phy was that the underlying image acquisition parameters did not meet clinical stan-
dards with respect to radiation dose, scan time and consistency between subsequent
measurements. As shown in Chap. 5, we could obtain comprehensive phase-contrast
mammograms of fresh, un-fixated and cancerous mastectomy samples at medically
reasonable sample compression using a compact setup (total length of 1.5m, rotat-
ing X-ray anode, flat panel X-ray detector with 127 x 127 pm? pixel size, effective
pixel size of 85 x 85 wm?—similar in its design to a conventional mammography
systems). However, the applied radiation doses (MGD) of 66—72 mGy per measure-
ment by far exceeded the dose limits of 2.5 mGy, set by the European guidelines for
Quality assurance in mammography [6]. Respectively, also the exposure times used
for this initial proof-of-principle studies amounted to more than one minute, incom-
patible with clinical routine and patient care. Similar limitations (MGD of 26 mGy,
exposure time of 72s) have been reported by other groups working on the field of
grating-based phase-contrast mammography [3, 4].

Therefore, difficulties arise which strongly restrict the further progression of
phase-contrast mammography towards clinical implementation. First, high-dose
measurements may not be reproducible within a dose-compatible scenario, which
weakens the diagnostic significance and transferability of current study outcomes.
Second, the analyzed sample collective is limited to a small number of ex-vivo mas-
tectomy samples comprising medical indications which may not be representative for
daily screening. Additionally, mastectomy samples are mostly obtained from elderly
patients with fully adipose breasts, which are sufficiently well assessed with conven-
tional mammography. Hence render the initial situation of phase-contrast mammog-
raphy unfavourable with respect to a potential diagnostic surplus-value. Abladates
further comprise resection borders and liquid inclusions, which are naturally absent
within an in-vivo setting, however may falsify the evaluation of artefact-afflicted
differential phase and dark-field data in comparison to respective absorption data.
Finally, small study cohorts can not reliable model the amount of potential over-
diagnosis accompanied by phase- and scatter-sensitive imaging.

While the complementarity of the three signals is the essence of phase-contrast
mammography, it involves a set of issues with respect to clinical routine and human
resources. First of all, radiologist are used to the “low-frequency nature” of the
absorption image and are inexperienced with reading and correctly interpreting the
novel image modalities, which mostly concerns the differential data. Second, the tri-
modal image sets require a tripling of examination time impracticable within screen-
ing routine. With the goal of extracting a single mammogram only, which preserves
the “absorption character” of conventional mammograms while utilizing the multi-
modality of phase-contrast imaging, several fusion algorithms have been proposed
recently [7, 8]. The latter mostly rely on a multi-resolution framework, which essen-
tially decomposes the input images in specific frequency bands via discrete wavelet
decomposition, followed by a subsequent de-noising, contrast-enhancing and recom-
bining, respectively. Major drawback of this approach is the fact that the number of
retrieved frequency domains is limited and that only one, constant weighting factor
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is assigned to each domain. Further, on the assumption of maximizing the signal-
to-noise ratio, by which each frequency band is optimized, the setting possibilities
on the part of the radiologists are limited. This is yet unfavourable, since there is
only little knowledge which breast features will benefit from which image modality
and frequency domain. To overcome this limitation we propose a fusion approach
in Fourier-space, which enables a more specific—on the fly—tuning, additionally
granting access to the full range of frequencies.

7.2 Results

7.2.1 Setup Optimization

Several software and hardware specifications of the dedicated phase-contrast mam-
mography system were optimized in order to enable clinically compatible measure-
ments. The original entities underlying the previous high-dose measurements as
presented in Chap. 5, are stated in parenthesis for comparison.

First, the arrangement of the breast-tissue holder and the phase grating
downstream of the X-ray beam were exchanged (Fig. 3.1a). Thus, a saving of approx-
imately 33 % mean glandular dose was achieved (value corresponds to a sample com-
pression of 4 cm), by utilizing the wafer-substrate (silicon) as an effective absorber of
low energy photons and increasing the source-to-sample distance. Note that this opti-
mization step did only alter the effective pixel-size, not the overall photon statistics,
while only slightly decreasing the sensitivity of the interferometer [9].

Second, a revised Varian 2520-DX detector (Gadox-screen) with improved read
out electronics and a 16-bit AD-converter was implemented as an integrating flat-
panel detector. Since the two absorber gratings reduce the total photon flux by at least
75 %, the internal readout speed of the detector was strongly decreased to compensate
for low photon statistics and reduce the accumulation of internal readout-noise during
a single exposure. Correspondingly the factory setting of 10 fps (frames per second)
was reduced to 1 fps and synchronized with the total exposure time of 1 (9) second(s)
per phase-step. To further decrease radiation dose and scan time, the number of phase-
steps was decreased to 5 (9)—at which sufficient sampling of the phase-stepping
curve is still practicable—resulting in a total exposure time of only 5 (81) seconds
per measurement.

By tuning the acceleration speed and step size of the high-load actuator, which
translates the phase grating by means of a nano-converter, the scan time for the total
5 phase-steps was lowered to 12 (101) s in total. Furthermore, the substrate thickness
of the analyser grating was thinned down to 200 (500) um, in order to minimize the
attenuation of dose-relevant photons.

Finally, a stack of Polymethylmethacrylat-plates (PMMA) of variable thick-
ness was introduced into the flat-field measurement as a breast-equivalent absorber
(Fig.3.1b). Here, the breast equivalent serves multiple purposes: first, a saturation of
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the detector during flat-field measurements at low frame-rates is prevented. Second,
the breast and respective reference scan exhibit comparable X-ray imaging spec-
tra. As a consequence shadowing artefacts appearing at the edges of the absorption
gratings are eliminated; hence flat image backgrounds within the absorption and
dark-field channel are provided, which strongly facilitate the depiction of fine and
low-contrast features. Further, variations in the overall fringe visibility due to beam-
hardening effects are avoided, preventing the generation of an artificial dark-field
signal. Hence, by adapting the PMMA thickness so that the absorption power of
the respective breast sample is mimicked for a certain effective energy, quantitative-
ness of each image signal is provided and therewith comparability between different
breast samples established. Figure 7.1 demonstrates the necessity of implementing
a respective breast-equivalent absorber. In Table 7.1 a conversion table from breast
tissue (50 % glandular and 50 % adipose) to respective PMMA is given, for certain
mean energies.

Transmission

Transmission

Visibility

Visibility

Fig. 7.1 Influence of a breast-equivalent absorber on image quality and quantitativeness in phase-
contrast mammography. Grating-based absorption mammogram, obtained without (a) and with a
breast-equivalent absorber (b). Due to an inclined position of the analyser grating with respect
to the beam, the X-ray spectrum is hardened towards the left side. This results in a non-linear
attenuation of photons through the phantom and generation of an artificial ramp as present in a.
By using an absorber equivalent, the flat-field and sample scan yield similar X-ray spectra, which
enables the retrieval of a flat mammogram as shown in b. Thereby, the depiction of the three tumor
masses is strongly improved. Grating-based dark-field mammogram, obtained without (¢) and with
a breast-equivalent absorber (d). The non-linear absorption of photons and the circumstance that
the fringe visibility is spectrum dependent, result in the generation of an artificial (physically un-
plausible) scatter signal ranging in between 0.8 and 1.2, as shown in ¢. By comparison in d, the
flat-field and sample scan exhibit the same fringe visibility. As expected the breast phantom matrix
is non-scattering, since yielding a visibility value of 1. Corresponding line-plots on the right
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Table 7.1 Conversion table between breast tissue and polymethylmethacrylat
Energy (keV) 23 25 27 29 31 33
Conversion factor [mﬁ] 0.924 0.902 0.895 0.890 0.885 0.881

By multiplying the breast specimen thickness with a conversion factor, the dimensions of an appro-

priate breast-equivalent absorber (PMMA) can be calculated. Note that the linear attenuation coef-
ficients tBreast and ppmma, Which determine the conversion factors, are energy dependent

7.2.2 Experimental Verification

Figure 7.2 shows the experimental absorption (a), differential phase (b) and dark-field
radiograms (c) of a freshly dissected, ex-vivo breast mastectomy sample, obtained
at the laboratory X-ray phase-contrast mammograph alongside with the correspond-
ing clinical, ex-vivo mammogram (d) taken with a Hologic, Selenia Dimensions
mammograph (Bedford, USA—pixel size of 70 x 70 um?). The specimen was
compressed to a thickness of 3.8 cm which corresponds to the clinical setting of a
small breast. With a corresponding g-factor of 0.371 and a total exposure time of 5,
the mean glandular dose was determined to 2.2 mGy, which is approximately twice
the dose of the respective conventional mammogram of 0.94 mGy, but below the
guideline limit of 2.5 mGy [6]. Two experienced radiologists rated the conventional
and grating-based absorption images as equivalent with respect to image quality, acu-
tance, sharpness and depiction of tissue strands/microcalcifications. We conducted
exemplary contrast-to-noise ratio (CNR) investigations within the cancerous and
microcalcification bearing tissue volume (white framed inlay). We found that the
dark-field channel yields a superior CNR of 10.6 in the detection of the microcalci-
fied tissue in comparison to 5.7 in the case of the absorption channel, proving that
scatter-sensitive imaging provides beneficial information, even within a dedicated
low-dose setting. Besides, soft-tissue tumor compartments, comprising highly dis-
persed grains are exclusively detected within the dark-field channel as indicated by a
blue arrow. Finally, the grating-based images were manually fused by an expert using
a Fourier Domain approach, as described in Sect. 7.4.4. Figure 7.2e shows the corre-
sponding fused mammogram, which comprises all diagnostically important image
contents at a glance: the distribution of fatty and glandular tissue, a superior depiction
of high-frequency tissue strand (red arrows) as well as a superior detection quality of
the micro-calcified, tumorous tissue (red and black arrows). Histological work-up of
the mastectomy sample proved a residual (after neoadjuvant chemotherapy) breast
cancer of non-specific type (NST) with a diameter of 11.5 x 8.5 x 2cm? as well
as residual ductal carcinoma in-situ containing intraluminal calcifications.

To ensure that low-dose, grating-based mammography meets the standards of clin-
ical image quality, a mammographic accreditation phantom (Gammex 156, Gammex
Inc., Middleton —4.2 cm compressed human breast, 50 % adipose and 50 % glandular
tissue) was measured with the clinically compatible acquisition protocol (5s expo-
sure, 12 s scan time, MGD of 2.07 mGy). The respective absorption image (Fig.7.3b)
even exceeds the criteria set by the State Departments of Radiologic Health and the
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Fig. 7.2 Clinically compatible phase-contrast mammography of a freshly dissected, cancerous
mastectomy sample. Grating-based absorption (a), differential phase (b), dark-field mammography
(c) at40kVp, 70mA and MGD of 2.2 mGy and clinical, ex-vivo mammogram (d) at 28 kVp, 86 mAs
and 0.94 mGy mean glandular dose (Rhodium filter) of a freshly dissected mastectomy sample.
Both absorption images are rated equivalent with respect to image and detection quality. Inlays
show magnified view of the cancerous and micro-calcified tissue volume, with a superior contrast-
to-noise ratio in the dark-field (10.6) in comparison to absorption channel (5.7). Micro-calcified,
soft-tissue compartments of the tumor are exclusively detected with in the dark-field channel as
indicated by blue arrow. e Expert-tuned fusion of the trimodal data shown in a—c. Note that the fused
image depicts density variations in similar quality as the clinical, ex-vivo mammogram, additionally
providing a superior depiction of high-frequency breast features (red arrows), the tumor core and
widespread calcium grains (black arrows)

ACR, by revealing 4 of a minimum of 4 fibrils, 3 of a minimum of 3 groups of sim-
ulated microcalcifications and 4 of a minimum of 3 tumor masses [10]. Besides, the
differential phase (c) and dark-field images (d) enable the detection of a Sth fibril and
a 5th tumor mass, as indicated by arrows, unseen within the experimental absorption
channel. Although the Gammex 156 can only reliably model the absorption behav-
iour of breast features, the depiction of additional structures, proves complementarity
of the three image modalities and shows that the strongly decreased number of phase
steps and exposure time are still sufficiently high for a meaningful retrieval of (dif-
ferential) phase and scatter signal.
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Fig. 7.3 Clinically compatible phase-contrast mammography of a mammographic accreditation
phantom. Clinical mammography at 28 kVp, 159 mAs and 1.62 mGy mean glandular dose (Rhodium
filter) (a), grating-based absorption (b), differential phase (d) and dark-field mammogram (d) at
40kVp, 70mA and 2.07mGy mean glandular dose of the mammographic accreditation phantom
Gammex 156 (Gammex Inc., Middleton). The grating-based absorption image meets the standard
criteria of clinical image quality set by the ACR, by resolving 4 of a minimum of 4 fibrils (# 1-4), 3
of a minimum of 3 groups of simulated microcalcifications (#7-9) and 4 of a minimum of 3 tumor
masses (# 12—-15). The differential phase and dark-field channel provide meaningful, complementary
information by revealing an additional 5th fibril (#5) and 5th tumor mass (#16) as indicated by
arrows

7.2.3 Dark-Field Tomosynthesis

In the last years tomosynthesis enjoyed an unparalleled success story in the field of
novel breast imaging techniques. Recent studies clearly showed that tomosynthesis is
outperforming conventional full-field mammography. Skaane, P. et al. investigated
more than 12,000 examinations and found, that tomosynthesis results in an 27 %
increase in the detection rate of invasive and in-situ carcinomas, while also decreasing
the rate of false-positive diagnoses by 15 % [11]. Especially in the group of woman
being younger than 40, the combination of tomosynthesis and conventional digital
mammography showed a superior reduction of recall rates by more than 50 %, in
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comparison to digital mammography alone [12]. In the case of entirely fatty breast
tissue the advantage of tomosynthesis over conventional mammography is considered
as rather insignificant.

The distinct gain in diagnostic performance in the assessment of dense breast
tissue is attributed to the fact that tomosynthesis provides a depth resolution in beam
direction, which tackles so-called “anatomical noise” present in radiography. First,
full-field mammography suffers from summation effects of breast structures in dense
tissue, which lead to the generation of artificial masses, coming with a high risk of
being graded as malignant. In conventional mammography various techniques exist,
which try to address superposition artefacts, however require additional unfavourable
efforts, such as a twisting of the breast in combination with multiple exposures in
cranialcaudal and mediolateral oblique projections [13]. Second tumor detection
heavily relies on the revelation of tumor delineations, microcalcifications and archi-
tectural disorders, which can be superimposed and therefore hidden within scattered
fibroglandular or heterogeneously dense breast tissue. Finally, tomosynthesis allows
a precise localization of microcalcifications and masses in the breast, facilitating the
planning and execution of invasive follow-up procedures.

Typically, tomosynthesis is operated in a angular range of 10-20° with 10-20
projections taken at small 1° steps, to provide a high spatial resolution in-plane [14].
The optimal trade-off between angular range and step size, which determines the
quality of depth to in-plane resolution is still under investigation. Note that contingent
on a limited angular sampling, tomosynthesis does not offer an isotropic volume or
quantitative Hounsfield units as in comparison with computer tomography. While
tomosynthesis is nowadays routinely operated within clinics, only little effort was
conducted to adapt this technology for phase-contrast imaging. Previous studies
investigated either phantoms or thin, formalin fixated slices of breast tissue and were
mostly restricted to highly brilliant X-ray sources [15-17].

In order to illustrate the potential of phase-sensitive tomosynthesis at a compact
setup a lizard was investigated in first place. Figure 7.4a—c show a set of reconstructed
absorption, phase and dark-field in-plane slices which are ascending the animal body,
respectively. The first column shows a plane close to the tissue surface. Here the
phase image provides a superior depiction of the scales as indicated by the red box,
contingent on the fact that the points of contact between the scales yield a distinct
change in local refractive index. The second column shows the inner compartments of
the corpus, including organs and rips. Here, the dark-field provides an extraordinary
good depiction of liver and gastric, potentially due to a desiccation of the inner tissue
through formalin, as indicated by the blue box. The third column shows the backbone,
which is equally well resolved within all three image modalities.

In a next step, a fresh breast abladate at a medically reasonable sample compres-
sion of 4.7 cm was investigated with tomosynthesis. Figure 7.5a, b show the absorp-
tion and dark-field (cumulative) projections of a selected image section of the breast.
Here, anatomical noise renders two tiny microcalcifications hardly visible (black
circles), since being overlapped by dense breast tissue as well as scattering vessels.
In Fig.7.5¢c, d the reconstructed in-plane slices, which comprise the calcifications
are displayed in absorption dark-field, respectively. Here, the microcalcifications are



7.2 Results 103

Fig. 7.4 Phase-contrast tomosynthesis of a lizard. Reconstructed absorption (a), phase (b) and
dark-field (c) in-plane slices of a lizard, enabling depth resolution throughout the animal corpus
(angular range: —20° to 20°, angular step size: 1°). The phase image provides a superior depiction of
the skin scales (red box), contingent on prominent electron density variations in regions connecting
adjacent scales. Liver and gastric are best resolved in the dark-field channel (blue box), reasoned
by a potential hardening of tissue due to formalin uptake. The optical dense backbone is equally
well resolved in all three modalities. Arrows indicate one-directional measurements. Stacks indicate
depth of the in-plane slice. For a respective tomosynthesis rendering find Fig. A.2

clearly delineated from the background and revealed as being incorporated within a
blood vessel. This information diagnoses the latter as vascular calcifications yielding
a benign, non-cancerous origin, which would not require further procedures within
a clinical examination. Note that this information is not accessible by means of the
radiographies. Further, the dark-field channel is capable of resolving an additional
small vessel perfusing the breast tissue yet hardly detectable within the absorption
channel. When comparing the respective contrasts in ascending slices, we see that
also in the case of tomosynthesis scatter-sensitive imaging provides complemen-
tary information: the absorption image excels at the depiction of larger vessel and
tissue density variations, while the dark-field channel provides exceptionally good
discrimination of fine vessels from surrounding, non-scattering tissue.
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Fig. 7.5 Dark-field tomosynthesis of a freshly dissected abladate provides complementary depth
information. a Absorption and b dark-field (cumulative) projection of a selected breast section,
with microcalcifications (black circles) being superimposed by dense breast tissue and scattering
vessels. ¢ Two reconstructed, in-plane absorption and d dark-field slices, reveal the calcifications
as benign being incorporated within a vessel (angular range: —20° to 20°, angular step size: 1°).
Note that the dark-field channel provides an exceptional good discrimination between small vessels
(white arrows) and non-scattering, surrounding tissue which are yet hardly detectable within the
absorption channel. Arrows indicate one-directional measurements. Stacks indicate depth of the
in-plane slice. A respective tomosynthesis rendering of a second case study can be found Fig. A.3

7.3 Conclusion | Phase-Contrast Mammography Adaptable
to Clinical Requirements

In this technical developments chapter, we have shown for the very first time that
phase-contrast mammography using a compact laboratory setup can be conducted
in a clinically compatible manner. Our results demonstrate that the obtained absorp-
tion image is equivalent to standard mammography, while providing two additional
complementary image modalities by means of phase and dark-field image contrast.
The overall scan time could be decreased to 12s which lies between the typical
scan times of 7-20s reported for current tomosynthesis systems. Considering that
state-of-the-art systems utilize X-ray anodes with a power output of up to 7 kW
(200mA, 35kV), while the X-ray anode underlying the presented work was capped
at 2.8kW (70mA, 40kV), suggests that an additional reduction of exposure time
and detector noise is practicable. Within a clinical setting the mean glandular dose of
2.2mGy could be even further decreased, using ultra-thin titan-wafers as substrate
for the detector grating and increasing the interferometer fringe visibility, which is
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currently only at 18 %. Finally, we implemented an adaptable breast equivalent which
allows the retrieval of artefact-free and quantitative images, hence providing compa-
rability between subsequent breast measurements, indispensable for the diagnostic
significance of future reader-studies.

To provide comparability between the clinical and experimental absorption
images, the breast abladate was measured with an approximately doubled radia-
tion dose in comparison to the conventional mammogram, contingent on the fact
that 50 % of all dose-relevant photons are attenuated by the analyser grating. Here
the use of harder X-rays could facilitate a reduction of imaging dose, consider-
ing that phase-sensitive imaging offers strongly enhanced CNRs (in comparison to
conventional absorption-based imaging) even at high energies [18, 19]. Further, an
optimal combination of the complementary, multi-modal data may provide depic-
tion of diagnostically crucial image content at much decreased imaging doses [20].
Finally, note that the clinical absorption image (Fig.7.3a) is excelling the corre-
sponding grating-based mammogram (Fig.7.3b), with respect to the depiction of
the ultra-fine phantom structures # 5, # 6 and # 10. However, a slightly inferior spa-
tial resolution of the experimental versus clinical scanner is understandable, when
comparing underlying parameters: indirect X-ray conversion panel (Gadox) versus
direct X-ray conversion panel (amorphous selenium), one-dimensional anti-scatter-
grid versus two-dimensional anti-scatter-grid, large focal spot (0.3 mm) versus small
focal spot (0.05-0.2mm) [21].

We further incorporated an intuitive fusion scheme for the comprehensive presen-
tation of trimodal data at a glance, which is similar in appearance to the conventional
absorption image and thus can be read by every radiologist. While a manually-
tuned fusion is time-consuming and unsuitable for a clinical implementation, it is
currently inevitable for the generation of a data pool of ground-truth examinations.
These enable the benchmark of automatic fusion approaches, utilizing a “fusion fac-
tor/symmetry”, which maximizes the amount of information being transferred from
the input to the fused image.

Keypoints

e Phase-contrast mammography fulfils the criteria set by the ACR.

e Phase-contrast mammography meets requirements with respect to clinical
acquisition parameters.

e Dark-field tomosynthesis provides complementary depth resolution.

Finally, the first phase-contrast tomosynthesis concept study investigating fresh
breast abladates was conducted. Here we could show that the dark-field image pro-
vides complementary information, which enable a superior discrimination of vessels
and inherent calcifications from surrounding tissue. Since this study was conducted
as a proof-of-principle investigation, much space is given for improvements. First to
reduce ring artefacts arising from noisy detector pixels a median-filter was applied to
the projections prior to reconstruction, which however decreases the effective image
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resolution. This step is avoidable when using a “type-writer’-scan procedure, i.e. the
specimen is locally shifted by the size of a pixel each time before being rotated. Sec-
ond, a conventional filtered-back projection was used, which however is unfavourable
for the reconstruction of angular-incomplete datasets leading to under-sampling arte-
facts. Here iterative algorithms using the expectation maximization could strongly
increase the image quality [22]. Besides, we utilized a stop-and-go image acquisi-
tion technique amounting to long scan times of several minutes, i.e. the sample is
rotated each time after a full phase-stepping is obtained. However, recently Xi, Y.
et al. proposed that interlaced phase-stepping techniques, may also be applicable to
tomosynthesis using an inner-focusing reconstruction method [23].

Due to a limited field-of-view, restricted by the size of the currently implemented
detector grating, the final images presented in this chapter were stitched from multiple
projections and required a (undesired) scanning of the breast. However, recently the
first gratings with a large field-of-view of 15 x 15 cm? (round) and 30 x 5cm? have
been produced. Besides, techniques for the fabrication of bended and tilted gratings,
which are intended to adapt the cone-beam geometry of compact mammography
systems in order to avoid beam shadowing, are rapidly developing. Along with the
clinically compatible imaging results presented here, we are convinced that in-vivo
measurements are in near reach and that the development of a clinical prototype is
now of highest priority.

7.4 Materials and Methods

7.4.1 Image Processing

Ensuing from the general image processing presented in Chap. 3, the dose-compatible
measurements require additional processing steps. Due to the increased integration
time of 1 fps, the detector saturates within the regions which are uncovered by breast
tissue. Here a simple intensity thresholding is used within the absorption image, to
separate the sample from the saturated background. The corresponding mask is then
applied to the co-registered differential phase and dark-field projections to enable
proper stitching of the latter.

7.4.2 Imaging Dose

Inafirststep, the incident air kerma was measured using an ionization chamber, which
was positioned at the respective breast sample position. To approximate the mean
glandular dose (MGD) deposited within the radiation sensitive glandular breast tis-
sue, the incident air kerma (1.19 mGy/s) was then multiplied with a breast-thickness
dependent conversion factor g. The respective g-factors were calculated using Monte
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Carlo simulations (software package CatSim, GE Global Research), taking into
account the setup-specific X-ray spectrum and beam filtration [24]. A standard breast
phantom was used for the dose model and was simulated as a radiation sensitive tis-
sue core (50 % glandular and 50 % adipose tissue) of variable thickness surrounded
by a Smm thick layer of radiation-insensitive skin (100 % adipose tissue). For this
configuration, we obtained a half-layer value of 0.881 mm aluminium and g-factors
ranging from 0.450 to 0.274 for 3 to 6 cm of breast tissue, respectively.

7.4.3 Tomosynthesis Protocol

Within this proof-of-principle study, we used an angular range from —20° to 20° with
41 projections taken at 1° steps, with 7 phase steps and 9s integration time each. As
tomosynthesis was conducted prior to the setup optimization, the total image dose
amounts to approximately 2 Gy. Data sets were pre-processed with Fourier analysis
and the in-plane projections were reconstructed with a filtered back projection using
a Hamming-Filter for the absorption and dark-field data and a Hilbert-Filter for the
differential phase signal, respectively. Due to a limited field-of-view only sections of
the breast could be investigated with tomosynthesis. After an initial full-field radi-
ography of the mastectomy, a region of interest was selected and the sample holder
manually moved into the center of rotation using a sledge-construction connecting
sample-holder and stage.

7.4.4 Image Fusion Protocol

A Fourier domain approach was developed in first place to give the radiologist com-
plete freedom in tuning the input images as well as fusing them—for a full docu-
mentation please find Coello, E. (2014) [25]. Generally, the fusion protocol follows
these steps: the transmission 7', differential phase-contrast %—f and visibility image
V are normalized, Fourier transformed and each input selectively weightened with
a 2D-Gaussian function termed G. The fused Image F is then given as the inverse
Fourier Transform of the sum of the weightened input images, by

F=F'[GrF() +GuF (‘BB—TD + Gy F(V)]. (7.1)

The Gaussian function is denoted

G —5- e—O.S(«/k2+[2—C')20'72, (7.2)
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Fig. 7.6 Fusion of trimodal data using a Fourier domain approach. Exemplary sections taken
from the absorption (blue), differential phase (red), and dark-field channel (green), showing breast
features characteristic for each of the channels. Following Eq.7.1 the input image are convoluted
with a Gaussian to amplify the corresponding frequency bands. Density variation between glandular
and adipose tissue are well resolved within the absorption image and extracted by a low-pass filter
(cr = 0,07 = 0.73, s7 = 5). Fine tissue strands and micro-grains are amplified by convoluting
differential phase and dark-field data with a Gaussian, which is shifted towards higher frequencies
(Cdd) = 0.07, (O = 0.61,500 = 1.5;cy = 0.2,0y = 0.51,sy = 1.5). The fused full-field

o
mammogram provides the radiologists with diagnostic meaningful image content, from all three
signals, at a single glance

where k, [ are the Fourier space coordinates, ¢ and o determine the center and band-
width of the frequency band and s is a scaling factor, respectively. In a first step
c and o are visually tuned to optimize the signal-to-noise ratio within the input
images and an uniform fusion (s = 1) of the latter conducted. Afterwards, the scal-
ing parameters are optimized in such a manner, that the diagnostically interesting
features are optimally represented in the fused image. Figure 7.6 illustrates the fusion
process by means of the dose-compatible measured breast abladate. Since the trans-
mission channel excels at the depiction of extended density variations, e.g. between
fatty and glandular tissue (blue frame), the latter is convoluted with a low-pass fil-
ter (cr = 0,070 = 0.73, sy = 5). Contrasting, as Chap.4 showed, high-frequency
features, such as fine fibres and tissue strands (red framed), are best depicted within
the differential phase channel. These are extracted by convoluting the differential
phase data with a Gaussian function which is shifted towards higher frequencies
(c% = 0.07, O = 0.61, Sio = 1.5). Finally, the dark-field image depicts scat-
tering structures which are often smaller or equal in size than a detector pixel, for
instance micro-grains (green frame), which typically are best preserved using a high-
frequency shifted Gaussian (cy = 0.2, oy = 0.51, sy = 1.5). Hereby, the Gaussian
is chosen to be rather narrow in order to minimize an amplification of high-frequency
noise, prominent in the dark-field image.
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Chapter 8
Non-invasive Kidney Stone Differentiation
Using Dark-Field Radiography

Vor die Therapie setzten die Gotter die Diagnose.
Franz Volhard

Abstract In this chapter, we propose scatter-sensitive dark-field radiography as a
diagnostic tool for the differentiation of renal stones and detection of radio-lucent
calculi. First, we elucidate on the current shortcomings of clinical renal stone diag-
nostics, by which the presented study is motivated. Afterwards, we utilize knowl-
edge on the micromorphology of kidney stones—which is indirectly assessed via
dark-field radiography—for the refinement of conventional, absorption-based stone
assessment. Finally, we conclude with an outlook on clinical transferability, by inves-
tigating renal stones embedded within a preliminary abdomen phantom. Note that
the results presented in this chapter have been published as “Scherer, K. et al. Non-
invasive differentiation of kidney stone types using X-ray dark-field radiography.
Sci. Rep. 5, 9527 (2015)”.

8.1 Motivation | Limitations of Clinical Kidney Stone
Diagnostics

The correct identification of the different renal calculi commonly found in the human
body is of essential importance for the correct diagnosis, prognosis and therapy of
many common diseases of the genitourinary system. For example, while urinary acid
stones can occur in any healthy subject, struvite stones indicate an infection within
the patient. In therapy, lithotripsy can be successfully administered for the uric acid
type of kidney stones, while other types of calculi are more resistant to this type of
therapy [1, 2].

Nevertheless, while standard imaging methods like computed tomography and
sonography are helpful in localizing calculi in the body, they only yield modest
results in the correct identification of the stone type [3, 4]. Further ultrasonography
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Fig. 8.1 Study design: non-invasive differentiation of kidney stone using dark-field radiography. a
Diffuse X-ray scatter originating from sub-structures of the kidney stone manifest themselves in a
local reduction of a phase-grating induced interference pattern. By analysing the dark-field signal,
information on the kidney stone micromorphology, well below the detector resolution limit can be
retrieved. b Photography of a fresh pig kidney with two renal stones embedded, used to show-cast
X-ray dark-field radiography and potential in-vivo transferability. One exemplary uric acid (blue
framed) and one calcium oxalate stone (red framed) were manually embedded in the fresh pig
kidney before measurement

yields little detection sensitivity towards small stones. Respectively, an examination
of the patients urine, or a removal of exemplary stones followed by a histological
work-up is required in most cases. Currently, dual energy CT is evaluated with some
success [5].

Recent developments in phase-sensitive X-ray imaging [6—8] have broadened the
horizon of X-ray image contrast generation and are currently being evaluated for
clinical application in a variety of diagnostic fields [9]. Among these, X-ray dark-
field imaging [10] attracted particular interest, being sensitive towards structural
changes in the micromorphology of tissue, as for instance associated with patho-
logical processes of breast and lung tissue [11-13]. In contrast to absorption-based
imaging, which solely relies on the reduction of beam intensity when introducing a
specimen, dark-field contrast is generated by diffuse angular deflections of the X-ray
wave-front when being scattered at inherent sub-structures. By resolving the scatter
associated reduction of a phase grating induced interference pattern, the dark-field
signal strength can be quantified, as illustrated in Fig. 8.1. The dark-field signal has
been shown to be highly dependent not only on the chemical composition of the
imaged sample, but decisively also on the sample’s morphological structure on the
micrometer scale [ 14, 15], well below the resolution limit of commonly used imaging
detectors.

The idea underlying our present work is to try to discriminate uric acid, calcium
oxalate and mixed types of stones from each other within a radiographic imag-
ing mode, on the ground of the complementarity of their absorption and dark-field
contrasts, which is based on differences between their morphological and chemical
compositions. While the absorption and dark-field images will be obtained from a
lab-based radiography setup, the micromorphological information (which are used
to illustrate the generation of dark-field signal strength) will be assessed using highly
resolving micro-CT.
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8.2 Results

8.2.1 Analytical Description

Formally, the measured projection value in absorption contrast i can be written as

L
A= —InT :/ u(2)dz. (8.1)
0

where the transmission 7 = I°/I" is obtained from the measured intensity /°,
relative to a reference intensity /" measured without the kidney stone, u being the
absorption per unit length and L the stone thickness. As shown by Bech, M. et al.,
under the simplified assumption of ideally random scattering, the dark-field signal
in projection mode can similarly be written as

L
E=—InV = i/ €(z)dz, (8.2)
0

where the visibility (dark-field) signal V = V*/V" can be obtained from the inter-
ferometric visibilities V* and V" with and without stone, respectively, € being the
linear diffusion coefficient, quantifying the scattering per unit length, and i being a
setup-specific constant (cf. Eq.2.48) [16]. To account for the problem of overlaying
structures in projection mode, we can formally describe the kidney stone as consist-
ing of a perfectly homogeneous material along each projection path, and assign to
this hypothetical material an “effective” absorption and scattering coefficient g
and e, respectively,

,EL = eff * L and €=1- €Eeoff * L. (83)

The effective coefficients i and € are thus defined as a weighted average of
the contribution of the absorption and scattering coefficients along each projection
path

1 [ 1 [t
Meff = —/ u(z)dz and e = —/ €(z)dz. (8.4)
L Jo L Jy

Interpreted in this way, the ratio of the projection values

S — (8.5)
1 - €eff

YIRS

can be seen to be independent of the total kidney stone thickness L. Thus, in this
approximation, we assume that there is a linear relationship between the measured €
(eefr) and i (uegr) values, and that the slope ¢ relating the two parameters is constant
and characteristic for each kidney stone type. The simultaneous measurement of
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absorption and scattering thus allows the cancellation of the thickness dependence
in projection mode, as well as the identification and classification of different kidney
stones by using the obtained slope ¢ as a binary classifier.

8.2.2 Absorption Characteristics of Renal Calculi

The effective absorption coefficient pef is proportional to Z, gf, whereas the effective
atomic number Z.g of the composite is mostly determined by the heaviest element
in the kidney stone [17]. Thus, with respect to absorption, two classes of kidney
stones can immediately be differentiated: the uric acid type of stones on the one
hand, and the calcified stones (the oxalate, brushite and apatite/dahllite) on the other
hand. While the heavy calcium ion in the calcified stones leads to a strong absorption
signal (Zs; ~ 14-16, large 1¢fr), the uric acid stones contain only low Z elements like
carbon, nitrogen and oxygen which implies a small absorption signal (Z.g ~ 7, small
WUeft), Tespectively. Struvite and cystine have intermediate atomic numbers (Zeg =~
10-12). Nevertheless, those chemicals mostly occur only in combination with other
crystallite phases and thus usually fall into the mixed stone category, with effective
absorption coefficients jef ranging between the uric acid and calcium oxalate class.

8.2.3 Scattering Characteristics of Renal Calculi

The classification of kidney stones by their scattering properties is more difficult,
since the morphological structure and stone formation heavily depend on the min-
eralogical composition, the time varying chemical composition of the urine, the
location and time of formation, the presence of growth inhibitors and catalyses, the
inclusion of organic matrix, among others [18, 19]. Thus, for the sake of simplicity,
micro-CT investigations are restricted to pure uric acid and calcium oxalate stones
in the following, signifying two micromorphological extremes.

Uric acid type of kidney stones are known to grow in a layer-wise manner as
concentric rings around a crystallite core [18]. This multi-shell structure is well
reflected by the micro-CT measurement of an uricite stone as shown in Fig. 8.2a. The
inner structure of the uricite stone displays a high textural irregularity comprising
various grain sizes rutted with ring-like structures of higher optical density. Further,
the exterior exhibits a distinct surface roughness containing large cavities and sharp
edges. Since scatter predominately originates at boundaries with locally changing
density and structure, uric acid stones are expected to have a large effective scatter
coefficient €..

In contrast, in the case of calcium oxalate stones crystal forming is typically driven
by a slow and regular crystalline growth (The exact stone formation is complex
and dependent on many factors, among others the presence of crystallization cores
and the ratio of mono-hydrate to di-hydrate) [19]. As a consequence, especially in
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Fig. 8.2 Comparison of the uric acid and calcium oxalate stone morphology. a The volumetric
micro-CT rendering of an uric acid-type kidney stone reveals a highly concentric growth structure,
accompanied by a particular rough stone surface. The zoom-in of the tomographic slice shows high
textural and optical irregularity induced by the multi-shell structure. b The volumetric micro-CT
rendering of the calcium oxalate (90 % mono-hydrate and 10 % di-hydrate) stone, showing a strongly
homogeneous microstructure with a smooth stone exterior. The zoom-in of the tomographic slice
reveals fine, regularly distributed crystallite cores on the micrometer scale. The non-uniformity in
optical density and structure in the case of the uricite stone compared with the calcium oxalate
stone manifests itself in a significantly increased effective scatter coefficient ecf. For a respective
volumetric micro-CT rendering find Fig. A.4
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the case of calcium oxalate mono-hydrate, stones exhibit a relatively homogeneous
microstructure with wedges rounding off and forming a smooth exterior [20]. This
corresponds well with the micro-CT measurements of a 90 % mono-hydrate and
10 % dihydrate stone featuring a strongly uniform micromorphology with only minor
structural disturbances in the form of some air cavities as shown in Fig. 8.2b. The high
degree of regularity in grain size, a steady optical density throughout the stone and
smooth stone surface manifest themselves in a very small effective scatter coefficient
€eff -

Mixed types of stones comprise a more variable crystalline growth pattern, being
more irregular in shape and structure than calcium oxalate stones, hence are expected
to yield an intermediate effective scatter coefficient €.

8.2.4 X-Ray Dark-Field Radiography of Renal Calculi

Grating-based transmission and dark-field radiographies of an excised calcium
oxalate and uric acid stone can be seen in Fig.8.3a, b. While the calcium oxalate
stone (top left inlay) exhibits a relatively high absorption (low transmission T, large
Wefr) and weak scattering signal (high visibility V, small €.), directly inverse obser-
vations are made in case of the uric acid stone (top right inlay), which is in accordance

0.4 Transmission T 1.2 0.0 Visibility V 1.2 0.0 Contrast Ratio V/T 1.4

Fig. 8.3 Visual classification scheme for the discrimination of uric acid and calcium oxalate renal
stones using X-ray dark-field radiography. a Transmission images T of an calcium oxalate (top left),
uric acid stone (fop right) and a pig kidney with both stones embedded (bottom), taken at 40kVp
tube voltage. b Corresponding visibility images V. ¢ Since both stones show opposite absorption and
scatter characteristics, the visibility-to-transmission ratio V/T allows a simple visual differentiation
of stone class and discrimination from surrounding kidney tissue in false color. Note that the uric
acid stone appears radio-lucent, while yielding high contrast in the dark-field image
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with previously discussed chemical and morphological stone properties. Based on
the complementarity of both image signals, the two calculi can be clearly and easily
differentiated in radiographic mode, as shown in Fig. 8.3c in false color, by deriving
the thickness-independent visibility-to-transmission ratio V/T. Afterwards, we mea-
sured a fresh pig kidney with both stones embedded in the inside with an imaging
dose of 5.2 mGy (bottom inlays), to demonstrate the potential of kidney stone assess-
ment via X-ray dark-field radiography as a future in-vivo application: consequently,
a superior visual differentiation and discrimination between the two calculi and sur-
rounding kidney tissue could be achieved also within native tissue. Note that images
were normalized with respect to surrounding tissue/material in order to compensate
for signal not directly arising from the kidney stones themselves.

8.2.5 Statistical Analysis of Renal Calculi Classification

To evaluate this trend statistically, i.e. review the potential differentiate uric acid and
calcium oxalate from each other and also discriminate the latter from mixed stone
types, a cohort of 118 stones was analysed.

Each stone was segmented, normalized with respect to the background and sep-
arately analysed by generating a scatterplot of i1 versus € using every pixel of each
stone as data-points, as exemplarily shown for three stones in Fig. 8.4a. Each point
cloud belonging to a specific stone was then analysed separately using linear regres-
sion through the origin, evaluating the slope ¢ (used as binary classifier) and the
coefficient of determination R? of each stone. For each class, the obtained slopes
were then arithmetically averaged to obtain a mean slope value ¢ which is charac-
teristic for each class. For uric acid stones, we obtain ¢y = 0.13 & 0.01, for the
calcium oxalate co = 0.97 £ 0.44, and for the mixed stones ¢y = 0.31 £ 0.13.
The error is obtained as the standard deviation of the slopes ensemble of each class.
The coefficient of determination was used as an indicator of the goodness-of-fit and
calculated to R? = 0.80 # 0.16 over the full sample collective, thus justifying the
linear proportionality assumption expressed by Eq.8.5.

We investigated the distributions of slope values ¢ for each of the 118 stones in
more detail by using a box-whisker diagram as shown in Fig.8.4b. In addition to
significantly differing median values (black dash), no overlap in interquartile data
(50 % of the data set as indicated by boxes) was observed for either of the three stone
classes. Further, except two outliers (circles) all uric acid stones exhibited exclusively
flatter slopes c then in comparison with the calcium oxalate stones.

8.2.6 Diagnostic Performance of Renal Calculi Classification

To verify whether the decisive change in effective absorption [ to scatter power
€ with respect to stone class yields sufficient diagnostic value, receiver operating
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Fig. 8.4 Statistical analyses adjudge superior diagnostic performance of kidney stones assessment
via X-ray dark-field radiography. a Scatter plot showing the ratios of & versus € for every image
pixel of an exemplary uric acid (blue), calcium oxalate (red) and mixed types of kidney stones
(yellow). Each data-cloud was fitted by a linear regression as indicated by dashed lines, and it
slope c used as a binary stone type classifier. b Box-whisker plot showing the distributions of slope
values ¢, determined for the uric acid, calcium oxalate and mixed stone collective. In addition
to strongly differing mean values (black line) no overlap in interquartile data was found (box). ¢
Receiver operator statistic analyses on the data presented in b, show a highly sensitive and specific
differentiation of all three stone classes using X-ray dark-field radiography (Area under curve >0.9)

characteristic (ROC) analyses were carried out. The ROC curve provides combina-
tions of specificity versus sensitivity when using the slope c as a binary classifier with
varying threshold as shown in Fig. 8.4c. The diagnostic performance of renal calculi
assessment via dark-field imaging was estimated by the area under the ROC curve
(AUC). In the case of uric acid and calcium oxalate stones, a nearly unambiguous
discernability between both classes was found using X-ray dark-field radiography,
quantified by a AUC value of 0.99 (95 % bootstrap confidence interval of 0.98 to 1).
An optimal threshold value (Youden-Index), maximizing the sum of diagnostic
sensitivity (100 %) and specificity (97 %), was found for ¢ = 0.26. Besides, also mixed
type of renal stones were found to be distinguishable with a high accuracy from both
uric acid (AUC of 0.94, 95 % bootstrap confidence interval of 0.84—1) and calcium
oxalate stones (AUC of 0.93, 95 % bootstrap confidence interval of 0.88-0.97).
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8.3 Conclusion | Highly Sensitive Kidney Stone Assessment
via Dark-Field Abdomen Radiography

Here, we have shown that the comparison of absorption and dark-field signal strength
can determine the composition of different calculi classes of the genitourinary sys-
tem. Our study was able to establish a clear trend in the absorption-to-scattering
ratio, which we could directly assign to chemical and morphological differences
of calcium oxalate and uric acid stones. We further deepened this correlation by
means of statistical analyses and scatter plots. A simple visual inspection of the
visibility-to-transmission signal strength was presented to allow a quick and con-
venient determination of the stone type, compatible with clinical routine. Finally,
receiver operator characteristics including 118 stones from 18 patients revealed an
outstanding diagnostic performance of dark-field radiography for the accurate dif-
ferentiation of pure uric acid and calcium oxalate calculi as well as discrimination
of mixed types of stones.

To secure our statistical findings and further clarify the origins of dark-field con-
trast with respect to stone micromorphology, especially aiming at complicated, rare
and mixed stone types, more work including an increased sample collective and
patient cohort is to be performed in the near future. Follow-up studies will focus
on the deduction of composite-specific classifier values, enabling a more detailed
differentiation of mixed types of stones into their chemical sub-groups.

Besides, we consider X-ray dark-field radiography to provide a superior detection
sensitivity towards certain renal stones in comparison to conventional radiography,
due to the demonstrated complementarity of absorption- and scatter-based imaging.
While uric acid stones are usually entirely radio-lucent, which involves a high risk
of being overlooked in conventional radiography and CT (see Fig.8.3a), they are
clearly revealed and delineated by the dark-field signal (see Fig.8.3b) [21]. Also in
the case of mixed types of stones, the dark-field signal strength exceeds the respective
absorption entity by far (¢ « 1, Fig. 8.4b), which is of major clinical interest taking
into account that only 60 % of all renal stones are radiopaque [22].

As this initial study was aimed at determining the potential of dark-field imaging in
the differentiation of kidney stones in the sense of a proof-of-principle study, mostly
excised stones were measured within an ex-vivo framework. In a first step, we could
successfully verify our classification scheme by fully scanning a fresh pig kidney
with two manually embedded stones, while keeping the dose applied considerably
low at 5.2 mGy. Although this value may not directly apply to a full abdomen scan, it
is in the same order of magnitude as clinical dose values (0.7 and 8.0 mGy in case of
an abdomen radiogram and CT, respectively) [23]. Thus we are convinced that dose-
compatible abdomen dark-field radiography could be achieved, considering that an
optimization of interferometer efficiency by tuning several setup entities (grating
height and quality, duty cycle, beam energy and filtration) would imply a significant
decrease in dose, while maintaining equivalent image quality [24, 25].

For the purpose of further pursuing clinical transferability of the proposed method
in the near-term, we modelled a first medical meaningful scenario mimicking an
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Fig. 8.5 In-vivo transferability study of a preliminary abdomen phantom at 100 kVp tube voltage. a
High-energy transmission image T of a pig kidney, with manually embedded uric acid and calcium
oxalate stones, placed within a 11 cm water-bath. b Corresponding visibility image V, revealing
concentric growth rings of the uric acid stone. ¢ The visibility-to-transmission V/T signal enables
a clear differentiation of uric acid (blue) and calcium oxalate (red), consistent with the 40kVp
measurements shown in Fig. 8.3

abdomen phantom: a second pig kidney, with both stones embedded was placed
within a 11 cm water-bath and measured at a high-energy laboratory setup running
at 100kVp, which is the energy range of tube voltages used in commercial systems.
The preliminary obtained measurements shown in Fig. 8.5 prove that an inversion
of visibility-to-transmission signal when comparing uric acid and calcium oxalate
stones is still existent, even in the case of very high X-ray energies (E) and sig-
nificant beam-hardening. Future studies have to investigate, whether this does hold
true for the differentiation from mixed types of stone, considering that ¢ and €
are proportional to E~3 and E~2, respectively [14]. An increase in mean energy
namely implies the drawback of converging and shrinking scatter plots offering a
correspondingly reduced diagnostic performance.

Keypoints

e Dark-field radiography provides a highly sensitive and specific tool for the
differentiation of uric acid, mixed and calcium oxalate renal stones.

e The dark-field signal can reliable detect radio-lucent uric acid stones, contin-
gent on the complementary of absorption and small-angle scattering contrast.

e Kidney stone assessment via dark-field abdomen radiography is considered
to be clinically applicable.

Further an animal model is envisioned to address concerns regarding the impact of
structures overlying the kidney in radiographic imaging mode and discriminability
of small and initially growing calculi in-vivo [26]. Especially in the case of inhomo-
geneous structure compositions or strongly absorbing tissue underlying the kidney
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stone data normalization could be ambiguous, resulting in a limited accuracy in the
determination of the stone type classifier c.

Finally, X-ray dark-field radiography is susceptible to superposing renal stones;
hence an additional lateral radiogram of the abdomen or the implementation of
advanced techniques such as tomosynthesis would be necessary to support diag-
nostic reliability. Besides, current technical limitations need to be challenged, such
as the fabrication of bended, large field-of-view gratings with high aspect ratios, in
order to significantly reduce scan-time and secure a successful implementation of
non-invasive kidney stone assessment via X-ray dark-field radiography into clinical
routine.

8.4 Materials and Methods

8.4.1 Study Design

A broad range of different kidney stones was acquired in order to have a representa-
tive sample collective. Nevertheless, the classification of kidney stones is in general
complicated by the fact that most kidney stones in practice are rarely composed of a
single pure chemical material, but are instead a mixture of various components with
widely differing composition [27]. Thus in this proof-of-principle study we focus on
the differentiation of three classes of kidney stones only: the pure uric acid stones,
the pure calcium oxalate stones, and the mixed stone class including composites
of brushite, carbon apatite and struvite. The different kidney stone types that occur
in practice are summarized in Table 8.1 by compound name, chemical formula and
mineralogical name.

The samples in our measurements were acquired by the Klinikum rechts der Isar,
Department of Radiology. Each patient had their renal stone(s) removed following
the common clinical practice with respect to their individual diagnosis and indica-
tion. Written and informed consent was obtained from all patients. Nine patients
were found with a mixture of Whewellite and Weddelite, four patients with uric acid
stones, and five patients with mixed stones types. From these patients, we obtained
68 oxalate stones, 10 uric acid stones, and 40 mixed stones, thus a total of 118 renal
calculi was accessed and imaged. The composition of each kidney stone was deter-
mined by Fourier-transform infrared spectroscopy (FTIR) [28], using a Spectrum
100 system by Perkin Elmer, Beaconsfield, UK. The exact chemical composition
of the calculus was determined by comparing the recorded spectrum with tabulated
spectra. Components of stones were given in percentages, in which a concentration
of more than 90 % of one component was regarded as pure. More details on the study
design, patient selection routine, patient examination and exact composition of the
kidney stone collective can be found in Eiber, M. et al. (2012) [5].
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Table 8.1 Overview of the different types of kidney stones

Compound name Chemical formula Mineralogical name
Calciumoxalate-Monohydrate | CaC>04 - H,O Whewellite
Calciumoxalate-Dihydrate CaCy04-2H,0 Weddelite

Uric acid C5HiN4O3 Uricite

Uric acid dihydrate CsH4N4O3 - 2H, 0 None
Ammonium urate (NH4)CsH3N4 O3 None

Sodium urate monohydrate NaCsH3N4O3 - HyO None

Calcium hydrogenate CaH(POy)-2H,0 Brushite
phosphate

Carbonate hydroxylapatite Cas(P04,CO03)3(0OH) Apatite/Dahllite
Magnesium ammonium Mg(N Hy)(POy) -6H,0 Struvite
phosphate

Cystine CoH12N2 0452 none

Summary of renal stones relevant for this study, with chemical name, formula and mineralogical
name. Stoichiometry adapted from Stoller, M. et al. (2007) [27]

8.4.2 Statistical Analysis

Statistical analysis was carried out using the statistical software R and its library
pROC 29, 30]. Outliers were considered in the ROC analysis. Two thousand stratified
bootstrap samples were drawn for each ROC analysis to estimate 95 % confidence
intervals for the area under the ROC curve.

8.4.3 Micro-CT Measurements

We performed micro-CT measurements at a commercial GE VtomeX system, using
a reflection tube with a voltage setting of 100kVp at a current of 10mA. For the
tomographic scan we took 1200 projections over 360°, with an exposure time of 1s
each. Datasets were reconstructed using a standard filtered backprojection, rendered
in Volume Graphics VGStudio MAX and analyzed visually. An example volume
rendering can be seen in Fig. 8.2.

8.4.4 X-Ray Dark-Field Interferometer

For the statistical analysis, we normalized the projections with respect to the sample
holder, in order to remove all contributions not originating from the kidney stone.
All stones were then segmented from the background by intensity thresholding and
their € and i-values were tabulated for each single pixel for further analysis. For
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the purpose of validating in-vivo feasibility of renal calculi assessment via dark-
field radiography, one calcium oxalate and one uric acid stone were additionally
embedded and subsequently measured within a fresh pig kidney as illustrated in
Fig.8.1b. We derived comprehensive images of the pig kidney with a field-of-view
of 12.8 x 12.8 cm? by stitching 16 single projections taken with 5 phase-steps and 1
second exposure time each

8.4.5 Imaging Dose

The total air kerma of the pig kidney measurement was determined to be 10.5 mGy
(incident air kerma rate 2.1 mGy/s) with a Dosimax plus/RQX-detector system. To
give a rough estimate of the effective dose deposited in the kidney, we calculated
the mean glandular dose of a 100 % glandular breast tissue equivalent (underlying
consideration are based on the fact that glandular breast and kidney tissue yield
similar mass density coefficients) [31]. We obtained a mean dose of 5.2mGy, by
multiplying the total incident air kerma with a Monte-Carlo based conversion factor
of 0.56 and a correction factor accounting for 100 % glandular breast tissue of 0.9.
Values arise from a half-value layer (Al) of 0.8 mm and a kidney thickness of 3cm
[32, 33].

8.4.6 Potential Clinical Implementation

In a first step, the radiologist marks the renal stone in the digital radiogram. Since
stone edges yield excessive scatter corresponding regions are excluded from the
data analysis. An algorithm is determining the surrounding tissue and calculating the
respective mean signal values in both the absorption and dark-field channel, by which
the renal stone is subsequently normalized. This is feasible since the kidney stone
is distinctively thinner than the patient. In a next step, the scatter plot is generated
from € and 1 and the binary stone classifier ¢ extracted as the mean slope of the data
points, by which the respective stone type can be determined from a look-up table.
Finally, by reading the maximum ordinate of the scatter plot (/) the thickness of
kidney stone in beam direction can be approximated.
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Chapter 9
Summary and Outlook

There can be life after breast cancer. The prerequisite is early
detection.
Ann Jillian

9.1 Summary of Results

9.1.1 Diagnostic Merit of Phase-Contrast Mammography

The work presented here was carried out in order to investigate the diagnostic merit
which arises from phase- and scatter-sensitive mammography, and to answer the
question whether phase-contrast mammography is a suitable candidate as a future
screening modality.

At first, a compact setup—similar in design to a conventional mammography
system—was specifically constructed for large field-of-view radiography and built
from scratch within a laboratory environment. Subsequently, the mammolib pack-
age was developed which allows the retrieval of comprehensive full-field phase-
contrast mammograms.

Ensuing from this, a case study investigating four freshly dissected abladates was
conceived and carried out. Here, we could successfully verify that phase-contrast
mammography is capable of outperforming conventional mammography at the de-
tection and delineation of both cancerous and benign breast features, including tu-
mor masses, micro-calcified structures, tumor strands and cystic changes. For cer-
tain indications, such as small tumor nodules, phase-contrast mammography even
prevailed MRI in terms of detection sensitivity and spatial resolution. All of our
findings were confirmed by histopathological work-up. We further carved out that
phase-contrast mammography profits from both a superior depiction of fine features
provided through the differential phase signal, additionally being extremely sensitive
towards ultra-small calcifications and cellular changes within the dark-field channel.
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In summary, the results of the case study strongly indicate that phase-contrast mam-
mography yields immense potential in the enhancement of early tumor detection,
which would be most noticeable in the group of young patients.

To prevent a potential over-diagnosis of microcalcifications due to the sub-
resolution sensitivity of dark-field radiography, we then proposed a tool for the
dose-compatible assessment of calcification clusters: we found that the comparison of
global absorption and scattering characteristics does indeed enable a classification of
the inherent micro-morphology of calcifications as ultra-fine, fine, pleomorphic and
coarse structured. Our investigations further demonstrated that a chemically-based
differentiation as proposed by recent literature is unjustified. Finally, we showed
that the determined micro-structure may be an indicator for early tissue malignancy,
which yields the potential to refine conventional microcalcification grading as well
as reducing the number of invasive follow-up procedures.

Our study was conducted under the aspect of relying on a diagnostically mean-
ingful imaging sensitivity, as we observed that the female breast can comprise ma-
lignant features, which exhibit a highly anisotropic imaging contrast in both the
phase-contrast and dark-field channel. Therefore a bi-directional scanning approach
was implemented into the work-flow, additionally enabling the retrieval of absolute
artefact-free phase mammograms.

9.1.2 Clinical Compatibility of Phase-Contrast
Mammography

With the ultimate goal of adjusting phase-contrast mammography to clinical re-
quirements, the laboratory setup was continually optimized throughout this thesis.
Improvements included, among others, a dose-saving arrangement of the breast and
phase grating and the implementation of a breast-equivalent absorber in the flat-field.
As a consequence, we were able to conduct the very first dose-compatible phase-
contrast mammograms (2.2mQGy) at a medically reasonable sample compression,
additionally meeting the image quality criteria of clinical mammography. We further
proposed a fusion algorithm, which enables a comprehensive presentation of the tri-
modal data, compatible with clinical routine. Finally, by accomplishing the very first
phase-contrast tomosynthesis measurements of fresh mastectomies, we verified that
the dark-field signal is facilitating depth resolution, by providing complementary
information in the discrimination of breast vessels and microcalcifications.

Figure 9.1 visually summarizes the motivation and outcome of our study: within
the conventional ex-vivo mammogram (Fig.9.1a), obtained with a clinical state-of-
the-art scanner, multiple small tumor nodules remain undetected by the radiologists,
being superimposed by dense breast tissue as typically encountered in the exami-
nation of young woman. In contrast, the fused mammogram obtained with phase-
contrast mammography provides the radiologists with a superior detection quality
of all three tumor nodules (green frame) at a single glance. At the same time it offers
a high image acutance (red frame), without losing the typical absorption-character
of conventional images (blue frame).
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Fig. 9.1 Exemplary case study summarizing the motivation and potential outcome associated with
phase-contrast mammography. a Conventional, ex-vivo mammogram obtained from a clinical state-
of-the-art scanner. Note that tumor nodules are superimposed by anatomical noise, i.e. dense breast
tissue, which renders an unambiguous detection of the latter impossible. b Mammogram fused
from the experimental absorption, differential phase and dark-field signals, providing a superior
depiction of the three tumor nodules (green framed) as well as fine tissue strands (red framed),
while maintaining the typical absorption-character of conventional mammography (blue framed).
For an in-depth analysis find Chap. 5

9.1.3 Renal Stone Assessment via X-Ray Dark-Field
Radiography

With the goal of addressing a major shortcoming present in clinical renal diagnostics,
we elaborated on a potential application of dark-field radiography for kidney stone
assessment. Hereby, information on the morphological and chemical properties of
a stone in question are simultaneously assessed by the dark-field and absorption
channel, respectively. By combining both parameters, a significant enhancement in
the differentiation of renal stones as well as the detection of radio-lucent calculi could
be obtained. By implementing an easy visual discrimination tool for uric acid vs.
calcium oxalate stones, while additionally repeating our results with a preliminary
abdomen phantom, clinical transferability of X-ray dark-field radiography could be
demonstrated.

9.2 Current Limitations and Future Challenges

Many challenges associated with phase-contrast mammography have been overcome
during this thesis. However, some major shortcomings remain, which prohibit an
immediate development of a clinical system. Therefore they are discussed in the
following:
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1. The current field-of-view is limited to approximately 10 cm round, contingent on
the fact that gratings can not be routinely produced in larger dimensions. With
the currently available gratings, an undesired scanning of the breast would be
mandatory, which however is incompatible with patient comfort.

2. Until now, gratings are mostly fabricated on planar substrates, which leads to
a pronounced shadowing, i.e. photon starving, at the edges of the source and
analyser gratings in the case of beam divergence. Besides, the interferometric
visibility is decreased in the outer regions of the gratings, due to a “flattening” of
the grating profile seen by strongly inclined X-rays. Considering a large field-of-
view application in combination with the stringent dose requirements as present in
clinical routine, sufficient image quality is yet unachievable at the outer margins
of the breast.

Current research associated with grating fabrication is centred on tackling these is-
sues. This implies the production of large field-of-view gratings via stitching/tiling
of the latter [1]. Further, to adapt the cone-beam geometry of compact interferome-
ters and therewith provide an uniform illumination/energy spectrum throughout the
overall field-of-view, the fabrication of gratings on bended substrates is industriously
investigated [2, 3]. It is worth mentioning that a preliminary slit-scanning system
does exist, which utilizes a fringe scanning approach and therefore only requires
oblong plain gratings [4].

3. In the case of diagnostic applications, which demand a high spatial resolution
and accuracy in the retrieval of phase and dark-field signal, the phase-stepping
approach is still preferred over single-shot and fringe scanning techniques. Con-
sidering image acquisition times of 5s per projections, this would result in scan
times of several minutes in the case of tomosynthesis, incompatible with patient
comfort.

Interlaced phase-stepping approaches are available for phase-contrast CT, that may
also allow a parallelization of phase-stepping and tomosynthesis image acquisition
to a certain extend [5, 6]. Besides, note that Miao, H. et al. recently reported on a
motionless, electromagnetic phase-stepping procedure that can emulate mechanical
phase-stepping, while additionally decreasing scan times [7].

4. As demonstrated in this work, phase-contrast mammography requires to be op-
erated in an at least bi-directional manner to secure a diagnostically meaningful
detection sensitivity. In practice, this could be achieved by a mutual rotation of all
three gratings, however concerns arise with respect to system design and stability.

Note that the aforementioned challenge is obsolete when using two-dimensional grat-
ings, which per se offer an isotropic imaging sensitivity. However, a 2D-structured
illumination generally requires a substantially increased number of exposures. Con-
tingent on the fact that the interference pattern has to be sampled in two dimensions,
thus alternative linear phase-stepping approaches have been reported [8, 9]. Besides,
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anticipating a broad availability of photon-counting detectors in near the future, a
splitting of imaging dose into multiple projections would not intrinsically imply an
accumulation of photon noise [10].

5. Finally, grating-based imaging has an intrinsic drawback, namely the circum-
stance that at least 50 % of all dose relevant photons are absorbed by the analyser
grating. This is of immense importance considering the ongoing discussion,
whether screening mammography is artificially inducing pathological changes
within the breast by delivering an unacceptable life-time dose [11].

This is no death warrant for clinical, phase-contrast mammography per se, since
phase-contrast imaging offers strongly enhanced contrast even at very hard dose-
sparing X-rays [12]. Further, an optimal combination of the complementary trimodal
data may provide depiction of essential image content at much decreased imaging
doses [13].

9.3 Outlook and Next Steps

As illustrated in this study, phase-contrast mammography definitively yields the po-
tential to replace conventional mammography and overcome its low sensitivity in the
“problematic” group of young patients. Besides it may increase the detection qual-
ity of early (pre)-cancerous tissue abnormalities, to finally decrease breast cancer
mortality rates. Currently it is the only imaging technique conceivable, which meets
the general requirements of a screening modality, being operatable in radiographic
imaging mode without the need for contrast agents. While MRI and sonography are
routinely used for high-risk patients, most experts currently consider both unsuitable
as a general screening modality, being too intensive in terms of finical and temporal
effort. Note that a recent proof-of-principle study by Kuhl, C. et al. suggests an abbre-
viated MRI protocol, consisting of only one pre- and one post-contrast acquisition,
by which MRI could be adapted to routine breast cancer screening [14].

Nevertheless, phase-contrast mammography yields one big advantage in com-
parison to other novel imaging approaches. In a potential clinical implementation,
phase-contrast mammography would be compatible with the existing work-flow, data
pool and education of radiologists, since intrinsically providing the conventional
absorption image.

However, considering that the clinical market is inert with respect to innovations—
this gets obvious when following the history of tomosynthesis—a direct implemen-
tation of phase-contrast mammography is currently unlikely. Prior to this, mostly
three remaining questions have to be answered.
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Open questions

e Is the production of two-dimensional, bended and large field-of-view
gratings on an optically thin substrate practicable?

e Isthe gain in diagnostic sensitivity outweighing the overhead in imag-
ing dose, technical and finical effort accompanied by phase-contrast
mammography?

e [s phase-contrast mammography specific? More precisely, will the
detection of ultra-small calcifications not lead to a hopeless over-
diagnosis and over-treatment in clinical routine?

In order to address these concerns, in particular the latter cases, the development
of a phase-contrast radiography unit, specifically for the investigations of mass exci-
sion, would be expedient. Within an ex-vivo framework a large amount of specimen
could be routinely investigated, with the advantage of providing enough data for
significant reader studies. Further, the investigated sample cohort would comprise
medical indications of both benign and malignant nature, by which the specificity
of phase-contrast imaging could be evaluated. Moreover, samples could be placed
in formalin during examination, which would allow a reduction of image artefacts
so far corrupting many of the phase-contrast and dark-field mammograms. Besides,
knowledge could be gained which breast features are best detected in which image
channels. Thereby, the development of automatic image fusion algorithms could be
strongly promoted. Most importantly, ex-vivo radiography is not bound to clinical
requirements with respect to scan time, dose and patient comfort, which would signif-
icantly shorten the lead time of a potential implementation. First feasibility studies of
investigating excised tissue with phase-contrast radiography haven been carried out
recently. Figure 9.2 shows a tumor excision with sonographically-guided wire mark-
ing and inconspicuous radiographic finding embedded within formalin. In accordance

Fig.9.2 Preliminary phase-contrast radiography of a tumor excision. Experimental absorption (a),
differential phase (b) and dark-field contrast mammography (c) of a tissue excision embedded in
formalin, with sonographically-guided wire marking of the tumorous volume. While the absorption
channel shows an inconspicuous finding, highly scattering regions are visible (white framed) within
the dark-field channel, indicating a perfusion of the tumor with highly dispersed calcium grains
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with the clinical examination, the experimental absorption radiogram (Fig. 9.2a) does
not show any malignant features. Within the dark-field channel (Fig.9.2c), however,
strongly scattering areas, closely situated to the marked volume, are revealed and
indicate a perfusion of the tissue with fine malignant microcalcifications.

Finally, I personally consider phase-contrast mammography as the most promis-
ing approach currently investigated and consider the development of a radiograph
as indispensable to further progress phase-contrast mammography into a clinical
routine.
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Appendix A
Supplementary Movies

Fig. A.1 Supp. Mov. 1. From left to right Volumetric micro-CT rendering of breast microcalcifi-
cation clusters with ultra-fine, fine, pleomorphic and coarse microtexture. Available: https://www.
youtube.com/watch?v=Xb_ol-pJQDo

Fig. A.2 Supp. Mov. 2. From left to right Absorption, phase and dark-field contrast tomosynthesis
of a formalin-fixed lizard. Note the superior depiction of the scales and the organs in the phase and
dark-field channel, respectively. Available: https://www.youtube.com/watch?v=A8A52_KvSQE
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Fig. A.3 Supp. Mov. 3. From left to right Absorption, phase and dark-field contrast tomosynthesis
of a freshly dissected mastectomy sample. Note the highly discriminative depiction of fibrous
tissue strands within the dark-field channel. Macrocalcifications in the bottom of the field-of-view.
Available: https://www.youtube.com/watch?v=zAk5hag6XY4

Fig.A.4 Supp. Mov. 4. From left to right Volumetric micro-CT rendering of an uric acid and calcium
oxalate kidney stone. Note distinct growth rings in the case of the uric acid stone in comparison to
a homogeneous growth pattern in the case of the calcium oxalate calculus. Available: https://www.
youtube.com/watch?v=4e900ZXsf98
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Appendix B

Correct Quantitative Evaluation of X-ray
Dark-Field Images for Microcalcification
Analysis in Mammography

Abstract Note that the following section is a reprint of “Scherer, K. et al. Corre-
spondence: Quantitative evaluation of x-ray dark-field images for microcalcification
analysis in mammography. Nat. Commun. 5, 10863 (2016)”. Together with the results
presented Chap. 6 it disputes the main conclusion of a recent study by Wang, Z.
et al. (2014) [1]. For reasons of consistency, variables are named as done by Wang,
Z. et al.: the entities underlying this thesis, namely €, (i, €. and g (cf. Chaps. 6
and 8) are renamed to §, (i, § and ji, respectively.

Wang, Z. et al. have recently reported an X-ray grating-interferometer imaging
approach for mammography combining the information from the X-ray absorp-
tion and small-angle scattering signal [1-4]. The authors claim that their approach
can distinguish between type I (calcium oxalate dihydrate, CaC, Oy - 2H,0) and
type II (calcium hydroxyapatite, Cas(P O4)3(O H)) microcalcifications. While such
a differentiation would indeed be of great value for clinical mammography, several
important deficiencies in the study put the main results and conclusions of the pub-
lished article in question. The shortcomings in the published work became obvious,
after we have unsuccessfully tried to reproduce the results in our own laboratory.
To discriminate between type I and type II calcifications, Wang, Z. et al. use the
ratio
i3t (B.1)
nl

| @

(Equation4 in Wang, Z. et al. (2014) [1]) where 5 is the length-independent, effec-
tive X-ray scattering parameter and [ the effective X-ray attenuation coefficient. To
test their hypothesis that type I and type II calcifications generally exhibit opposite
absorption and scatter signals they present (supposedly confirming) experimental
results for a phantom made from calcium oxalate dehydrate and calcium hydrox-
yapatite powder (to mimic type I and type II calcifications, Fig.1 in Wang, Z.
etal. (2014) [1]). However, while the obtained values may be correct for the specific
powders used here, the experimental outcome cannot be generalized easily, as the
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small-angle scattering signal does not only depend on the chemistry and density of
the sample, but also strongly on the micromorphology of the powder (cf. Fig.6.7).
Previously published theoretical and experimental results clearly demonstrate this
strong dependence of the scatter signal (and thus the r-value) on the average size of
the microstructures [5—7]. Consequently, arbitrarily chosen powders (with respect to
the average grain size) cannot reliably model microcalcifications in the human breast,
if the actual size distribution is not taken into account (and matched to the one in a
real human breast). More specifically, our calculations (based on Malecki, A. et al.
(2012) [6]) even show that by varying the average size of the powders microstruc-
tures one can actually obtain arbitrary r-values, regardless of the actual chemical
and density position. This is also reflected in a recent publication by Michel, T. et al.
(2013) [8], which reports on a larger scattering signal in calcium oxalate dihydrate vs.
calcium hydroxyapatite, contradicting phantom results of Wang, Z. et al. (2014) [1].
Secondly, but probably even more important, we have identified a major mistake in
the analysis of the data from the real breast specimens (Fig. 3 and 5 in Wang, Z. et al.
(2014) [1]), which render the main conclusions of the study highly questionable. In
their evaluation of the r-value for various microcalcifications, Wang, Z. et al. have
neglected the contribution of underlying breast tissue. Correctly, the r-value has to
be written as
g = a5 (B.2)
Hm + My
where the subscripts m and ¢ denote contributions from the microcalcification and
the tissue. While neglecting §, leads to a relatively small error in the r-value (as the
scattering signal of tissue is relatively low), neglecting /i, leads to a large error and
significantly falsifies the classification of the microcalcifications. Some exemplary
results from a corresponding experiment in our lab (Fig.B.1) highlight the issue.
The blue and the red points represent pixels with §,, and f1,, values of two different
microcalcifications, and they appear as a cloud with a slope corresponding to the
rn-value of this particular calcification. If now the contributions of the tissue (s, and
[1;) are neglected in the analysis, one obtains a slope (r-value) for the two clusters
of Y(1,wang) = F,mr) = 0.34 4+ 0.02 and r@2,wang) = YQ,mr) = 0.35 + 0.01, a very
similar and small value in both cases (in agreement with Figs.3 and 5 in Wang,
Z. et al. [1]). However, when the contributions from the tissue are now correctly
subtracted, the real calcification-values (matching the data cloud) become r(; ) =
6.63 + 0.18 and r(; ;) = 2.48 £ 0.07. This means that Wang, Z. et al.’s analysis
would have yielded an error of almost 2000 % for r; and 700 % for r,, with the
consequence of large classification errors, as demonstrated by the example above
(before correction: ry & r,, after tissue correction: r; >> r,). Because of this error
in the analysis, the data presented by Wang, Z. et al. can barely be associated with
the calcifications themselves but instead is mostly dominated by the attenuation of
the breast tissue ({i; >> fi,,), which renders a correct classification according to the
hypothesis untenable. Accordingly, the presented r-values are small (0.3 < r < 1.0),
whereas the real values obtained by a correct analysis show scatter dominated ratios
(1.2 < r < 10).
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Fig. B.1 Correct quantitative evaluation of microcalcification analysis in X-ray dark-field mam-
mography. a Experimental absorption and b dark-field mammogram of a freshly dissected breast
abladate with microcalcifications. ¢ Scatter plots comparing the absorption [, to scattering power
Sm of two exemplary microcalcifications cluster, as indicated by the blue and red frame in a and b,
respectively. A strongly falsified r-value is obtained (r,,) if contributions of the underlying tissue
are neglected in the analysis, since [i; > i

In summary, we can conclude that the main claim of this article, namely the
successful classification of different microcalcifications into type I and type II by
this approach, is unjustified. Both, the experimental results of the phantom and the
ones for the human breast samples neglect major contributions to the image signal,
and therefore render the main claim and specific experimental results and conclusions
presented in this published study highly questionable.
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Finally, we note that Wang, Z. et al. have neither discussed nor referenced related
and partially contradicting, published results by other groups, in which detailed
calculations and experimental verifications of the dependence of the scattering para-
meter on the sample microstructure are shown [5—8]. Furthermore, the authors have
disregarded the fact that the use of the different ratios between attenuation and scat-
tering parameters has already been demonstrated for material or tissue discrimination
[9, 10].

References

1. Wang, Z., et al. (2014). Non-invasive classification of microcalcifications with phase-contrast
X-ray mammography. Nature Communications, 5, 3797.

2. Pfeiffer, F., Weitkamp, T., Bunk, O., & David, C. (2006). Phase retrieval and differential phase-
contrast imaging with low-brilliance X-ray sources. Nature Physics, 2, 258-261.

3. Pfeiffer, F, et al. (2008). Hard-X-ray dark-field imaging using a grating interferometer. Nature
Materials, 7, 134—137.

4. Stampanoni, M., et al. (2011). The first analysis and clinical evaluation of native breast tissue
using differential phase-contrast mammography. Investigative Radiology, 46, 801-806.

5. Yashiro, W,, Terui, Y., Kawabata, K., & Momose, A. (2010). On the origin of visibility contrast
in X-ray Talbot interferometry. Optics Express, 18, 16890.

6. Malecki, A., Potdevin, G., & Pfeiffer, F. (2012). Quantitative wave-optical numerical analysis
of the dark-field signal in grating-based X-ray interferometry. Europhysics Letters, 99, 48001.

7. Lynch, S., et al. (2011). Interpretation of dark-field contrast and particle-size selectivity in
grating interferometers. Applied Optics, 50, 4310-4319.

8. Michel, T., et al. (2013). On a dark-field signal generated by micrometer-sized calcifications
in phase-contrast mammography. Physics in Medicine and Biology, 58, 2713-2732.

9. Bech, M, et al. (2010). Quantitative X-ray dark-field computed tomography. Physics in Medi-
cine and Biology, 55, 5529-5539.

10. Schleede, S., et al. (2012). Emphysema diagnosis using X-ray dark-field imaging at a laser-

driven compact synchrotron light source. PNAS, 109, 17880-17885.



	Publications and Scientific Presentations

	First-authored publications (peer-reviewed)
	Equally-contributed publications (peer-reviewed)
	Communications Arising (peer-reviewed)
	Co-authored publications (peer-reviewed)
	Co-authored publications (non-reviewed)
	Oral presentations
	Poster presentations

	Abstract
	Supervisor’s Foreword
	Acknowledgments
	Contents
	Abbreviations
	1 Preamble
	1.1 Motivation and Historical Background
	1.2 Outline
	1.3 General Remarks
	References

	2 Introduction and Theoretical Background
	2.1 Interactions of X-Rays with Matter
	2.1.1 Complex Refractive Index
	2.1.2 Attenuation of X-Rays
	2.1.3 Phase-Shift and Refraction of X-Rays
	2.1.4 Absorption and Phase-Shift Cross Section

	2.2 Grating-Based Imaging
	2.2.1 The Talbot Effect
	2.2.2 X-Ray Talbot Interferometry
	2.2.3 Phase-Stepping
	2.2.4 Contrast Retrieval
	2.2.5 Adaptations for Clinical Use

	2.3 The Female Breast
	2.3.1 Breast Anatomy
	2.3.2 Breast Cancer

	References

	3 Experimental Setup and Methods Development
	3.1 Phase-Contrast Mammography Setup
	3.2 Software Package mammolib
	References

	4 Bi-Directional Phase-Contrast Mammography
	4.1 Introduction vert Limitations of Mono-Directional Phase-Contrast Mammography
	4.2 Results
	4.2.1 Two-Dimensional Phase Retrieval
	4.2.2 Imaging Sensitivity of Mono- Versus Bi-Directional Phase-Contrast Mammography
	4.2.3 ``Directional'' Dark-Field Mammography
	4.2.4 One- Versus Two-Directional Full-Field Phase-Contrast Retrieval

	4.3 Discussion vert Diagnostic Sensitivity Requires Bi-Directional Phase-Contrast Mammography
	4.4 Materials and Methods
	4.4.1 Imaging Dose

	References

	5 Screening Value of Phase-Contrast Mammography
	5.1 Introduction vert Current Shortcomings of Clinical Screening
	5.2 Results
	5.2.1 Case I vert Dark-Field Mammography Reveals Radiographically Undetectable Tumor Nodules
	5.2.2 Case II vert Dark-Field Mammography Reveals Pervasion of the Breast with Partially Tumorous Soft-Tissue Strands
	5.2.3 Case III vert Phase-Contrast Mammography Reveals Tumor Margins with Special Cellular Characteristics
	5.2.4 Case IV vert Phase-Contrast Mammography Reveals Actual Tumor Spread

	5.3 Discussion vert Phase-Contrast Mammography �
	5.4 Materials and Methods
	5.4.1 Study Design and Sample Acquisition
	5.4.2 Imaging Dose
	5.4.3 Preoperative Diagnostics
	5.4.4 Histological Work-Up
	5.4.5 Ex-Vivo Clinical Mammography
	5.4.6 Correlation Phase-Contrast Mammography, Ex-Vivo Mammography, In-Vivo Imaging and Histology

	References

	6 Microcalcification Assessment  with Dark-Field Mammography
	6.1 Motivation vert Limitations of Conventional Microcalcification Analyses
	6.2 Results
	6.2.1 In-Situ Microcalcification Assessment with Dark-Field Mammography
	6.2.2 Dependence of Absorption barμ and Scattering Power  barε of Microcalcification Clusters on Their Inherent Micromorphology
	6.2.3 Microtexture of Microcalcifications as a Potential Indicator for Early Tissue Malignancy

	6.3 Conclusion vert Microcalcification Assessment as a Diagnostically �
	6.4 Materials and Methods
	6.4.1 Pool of Specimens
	6.4.2 Data Normalization
	6.4.3 Micro-CT Measurements
	6.4.4 Voxel-Based Segmentation Algorithm

	References

	7 Toward Clinically Compatible Phase-Contrast Mammography
	7.1 Motivation | Status Quo of Phase-Contrast Mammography
	7.2 Results
	7.2.1 Setup Optimization
	7.2.2 Experimental Verification
	7.2.3 Dark-Field Tomosynthesis

	7.3 Conclusion | Phase-Contrast Mammography Adaptable to Clinical Requirements
	7.4 Materials and Methods
	7.4.1 Image Processing
	7.4.2 Imaging Dose
	7.4.3 Tomosynthesis Protocol
	7.4.4 Image Fusion Protocol

	References

	8 Non-invasive Kidney Stone Differentiation Using Dark-Field Radiography
	8.1 Motivation vert Limitations of Clinical Kidney Stone Diagnostics
	8.2 Results
	8.2.1 Analytical Description
	8.2.2 Absorption Characteristics of Renal Calculi
	8.2.3 Scattering Characteristics of Renal Calculi
	8.2.4 X-Ray Dark-Field Radiography of Renal Calculi
	8.2.5 Statistical Analysis of Renal Calculi Classification
	8.2.6 Diagnostic Performance of Renal Calculi Classification

	8.3 Conclusion vert Highly Sensitive Kidney Stone Assessment via Dark-Field Abdomen Radiography
	8.4 Materials and Methods
	8.4.1 Study Design
	8.4.2 Statistical Analysis
	8.4.3 Micro-CT Measurements
	8.4.4 X-Ray Dark-Field Interferometer
	8.4.5 Imaging Dose
	8.4.6 Potential Clinical Implementation

	References

	9 Summary and Outlook
	9.1 Summary of Results
	9.1.1 Diagnostic Merit of Phase-Contrast Mammography
	9.1.2 Clinical Compatibility of Phase-Contrast Mammography
	9.1.3 Renal Stone Assessment via X-Ray Dark-Field Radiography

	9.2 Current Limitations and Future Challenges
	9.3 Outlook and Next Steps
	References

	Appendix A Supplementary Movies

	Appendix B Correct Quantitative Evaluation of X-ray Dark-Field Images for Microcalcification Analysis in Mammography

	References




