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
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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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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].
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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]:


http://dx.doi.org/10.1007/978-3-319-39537-1_3
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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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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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