Lehrstuhl fiir Biomedizinische Physik = )—‘
Physik Department T \\e%
Technische Universitit Miinchen /—\)j

PhD Thesis

PHOTON-COUNTING
HYBRID-PIXEL DETECTORS
FOR
SPECTRAL X-RAY IMAGING APPLICATIONS

SEBASTIAN EHN

2017



Supervisors: Prof. Dr. Franz Pfeiffer
PD Dr. Peter Noél

Dedicated to my family...



TECHNISCHE UNIVERSITAT MUNCHEN
Physik Department
Lehrstuhl fiir Biomedizinische Physik

Photon-counting
hybrid-pixel detectors
for

spectral x-ray imaging applications

Sebastian Siegfried Lukas Ehn

Vollstindiger Abdruck der von der Fakultit fiir Physik der Technischen Universitit Miinchen zur

Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: apl. Prof. Dr. Norbert Kaiser
Priifer der Dissertation: 1. Prof. Dr. Franz Pfeiffer

2. Prof. Dr. Laura Fabbietti

Die Dissertation wurde am 22. 6. 2017 bei der Technischen Universitit Miinchen eingereicht und durch

die Fakultit fiir Physik am 3. 7. 2017 angenommen.






Abstract

This thesis focuses on the use and optimization of spectral x-ray imaging methods based on energy-
discriminating photon-counting detectors in medical and material-scientific applications.

Photon-counting detectors offer improvements over conventional detectors by added energy discrimi-
nation capabilities and absence of dark current and dynamic range down to zero photons. To assist the
development of novel image processing algorithms required by such systems, a simulation framework
for photon-counting detectors was designed and implemented. A method to reduce the extensive calibra-
tion efforts required by today’s spectral imaging approaches was developed offering a projection-based
estimator for material decomposition based on a semi-empirical model of registered detector signals.
Experimental measurements verified the quantitative accuracy of the proposed methods to lie within
a few percent of the theoretical values and show some preliminary applications of projection-based

material decomposition in material science micro-CT.

Zusammenfassung

Die vorliegende Arbeit befasst sich mit der Umsetzung und Optimierung von spektralen Rongenbildge-
bungsmethoden basierend auf energie-sensitiven photonenzéhlenden Detektoren. In medizinischen und
materialwissenschaftlichen Anwendungen bieten photonenzihlende Detektoren weitreichende Vorteile
gegeniiber konventionallenen Detektoren, darunter die Moglichkeit der Energieunterscheidung sowie
das Fehlen eines Dunkelstroms und der daraus resultierende weite dynamische Bereich. Im Zuge der Ar-
beit wurde eine Simulation fiir photonenzihlende Detektoren implementiert um die Entwicklung neuer
Bildverarbeitungsalgorithmen zu unterstiitzen. Eine neue Methode zur pojektionsbasierten Material-
zerlegung in der spektralen Bildgebung wurde auf der Basis eines semi-empirischen Vorwirtsmodells
fiir das erhaltene Detektorsignal entwickelt. Mittels experimenteller Messungen wurde die Genauigkeit
der entwickelten Methoden evaluiert und ergab eine Abweichung innerhalb nur weniger Prozent der
theoretischen Werte. Etliche erste Anwendungen von projektionsbasierter Materialzerlegung im Bereich

der materialwissenschaftlichen Micro-CT wurden zudem untersucht.
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1 Introduction

Over the last decades, x-ray imaging methods have become an invaluable tool in clinical diagnostics as
well as for industrial and scientific purposes. Especially the development of x-ray CT in the early 1970’s
[Hounsfield1973|| has revolutionized diagnostic and material scientific imaging as it offers quantitative
measurements of the three-dimensional (3D) distribution of the attenuation properties. The introduction
of helical CT in the 1990’s has enabled fast and continuous scanning of large volumes [Kalender1990].
The availability of high-power x-ray sources and advances in semiconductor technology with rapidly
increasing computing power resulted in the development of multi-slice CT where today’s scanners offer
simultaneous acquisition of several hundred slices at reduced radiation dose. The competition between
vendors in the years after 2000 to offer the scanner with the largest spatial and temporal resolution is
often dubbed the ‘slice-wars’ [Mahesh2009]].

In the field of industrial and material scientific imaging, the development of large-area digital x-ray detec-
tors lead to the application of cone-beam CT for high-resolution at the micro-meter scale [Flannery 1987,
Lec2003].

In the more recent years spectral x-ray imaging methods have come into the focus of research fueled
by the need for improved image quality at reduced radiation dose and the trend towards functional (or
physiologic) imagingE] in clinical diagnostics and pre-clinical research [Lee2002) [VanBeek2008]]. Mea-
suring at different energy levels, spectral imaging methods exploit the energy-dependent attenuation
of x-rays by different materials to extract information about the chemical composition of the object.
Dual-energy spectral imaging was proposed in a clinical context already a few years after the invention
of CT itself [Alvarez1976] and its mathematical properties derived [[Alvarez1979, [Kelcz1979]. For a
long time since then this technique has not been very popular due to limited image quality and lack of
processing capability. The introduction of the first dual-source CT scanner in 2005 [Flohr2006] oper-
ating with two tube-detector pairs to acquire two energy channels simultaneously can be considered a
breakthrough for dual-energy CT imaging and numerous medical applications have been identified so

far [McCollough2015]]. Since then spectral imaging methods have gained a lot of renewed interest.

!Opposed to mere structural imaging, functional imaging probes the physiological activities of the metabolism in specific
types of tissue. Common examples in CT are blood perfusion of lung vessels or an assessment of the vascular structure of
neoplastic lesions.



1 Introduction

One of the latest developments in x-ray imaging is the development and implementation of single
PCDs. Originally developed for application in high-energy physics and now adopted to x-ray imaging
[Anghinolfi1992 Delpierre2014], such detectors are designed to register and process each arriving pho-
ton individually. Thereby, PCDs offer many advantages over conventional detection systems including
equal weighting of all registered photons in the image, energy discrimination capability and absence of
dark current [Ballabriga2016]. In the context of imaging, capability to acquire multiple (= 5) energy
images at the same time can allow to distinguish between several different materials in an object while
the absence of dark current drastically improves the detected signal-to-noise ratio (SNR) at very counts
of < 10 photons where the Poisson statistics dominates. This might allow a considerable reduction of
radiation exposure which is an all-important goal in medical imaging as well as measurement time in
micro-CT. However, the application of PCDs usually requires increased efforts and special methods for

data handling and image processing.

With these developments in mind, this thesis focuses on the advancement of spectral x-ray imaging
techniques in general and specifically it investigates new methods for the application of PCDs in x-ray
imaging. After recapitulating the basic theory of spectral x-ray imaging and PCD technology in the
following two chapters we will discuss a simulation framework applicable to spectral imaging and
present a material decomposition scheme based on a novel forward-model for the registered signal
in PCDs. Practical implementation of these methods in an experimental set-up will be presented in
chapter[7| where the performance of the proposed methods is validated experimentally and several novel
applications in material science and non-destructive testing (NDT) micro-CT are explored. Finally, a
novel approach to obtain sub-pixel resolution with PCDs will be outlined and a short outlook to future

studies and research will be given.



2 Principles of spectral x-ray imaging

In the following sections a brief overview of the basic theoretical concepts used throughout this work is
given. The first section presents the fundamental physics of x-ray interaction with matter which need to
be understood to derive the concepts presented in the work. Afterwards the physical and mathematical

framework of spectral x-ray imaging is discussed.

2.1 Interaction of x-rays with matter

Classically, the attenuation of a monochromatic beam of x-rays with energy E and intensity I passing

a homogeneous object of thickness d is described by Beer-Lambert’s law:

I(d) = Ige HE)d, (2.1)

The linear attenuation coefficient () describes the energy-dependent attenuation properties of the
materials inside the object. On the atomic scale it is related to the total atomic interaction cross-sections

0, via the mass density p of the object:

Hogy = 2P2YA )
p(E) a(E), (2.2)

where Ny is Avogardo’s number and A is the atomic weight.

Setting the focus on diagnostic and material scientific applications of x-ray imaging the typical energy
range to be used is more or less constrained by 10keV < E < 250keV. In this range the total atomic

cross section is the sum of three contributing interaction mechanisms: Photoelectric effect, elastic
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(coherent) scattering and inelastic (incoherent) scattering. Characterizing each chemical element by its

atomic number Z, the cross-section can be written as

0a(Z, E) = oP(Z, E) + 0°"(Z, E) + oi*°"(Z, E). (2.3)

For any compound material the mass attenuation coefficient is obtained by applying the mixture rule:

B =S (L) .

n;A;
W; = <

> iniAs

2.4)

where ¢, j index all chemical elements present in the mixture or compound, w; are the mass fractions
of each element contributing to the mixture, n; are the associated stoichiometric coefficients and A; the

atomic weight.

A strict analytic treatment of the processes in equation [2.3| requires a rigorous quantum-mechanical
description of the photon-atom interaction with relativistic corrections and different approaches of per-
turbation theory [Cohen-Tannoudji2004] and is therefore very cuambersome and elaborate. Consequently
we will focus here only on the basic results for the individual cross-sections and discuss approximations
and limits where appropriate. A concise review of the quantum-mechanical description and its approxi-
mations can e. g. be found in [Jackson1981].

In many cases the dependencies on the energy and the atomic number can not be separated when pa-
rameterizing the atomic cross-sections. However, spectral imaging methods used today rely on a strict

separation of these contributions and therefore separable approximations of the form

o(Z, E)~ f(E)Z™, m € R (2.5)

are frequently employed.



2.1 Interaction of x-rays with matter

Photoelectric effect

The photoelectric effect involves the transition of an atomic electron from a bound to an unbound
(continuum) state. This process can be described by a superposition of a continuous part and the edge
jumps when the energy of the incident photons is large enough to eject electrons from the next atomic
shell. In absence of absorption edges the cross-section for the photoelectric effect is often approximated
by [White1977]

1

4-5
s sl (2.6)

oP(Z, ) = C,

The exact value for the exponents depends on the specific element or mixture to be parameterized. Since
biological tissues normally contain only light elements with Z < 20, the absorption edges are located
below the energy range of interest and approximation [2.6]is reasonably accurate. For heavier elements
the k-edges lie within the used range of energies and a separation of the form [2.5|is no longer possible{ﬂ
In such cases, tabulated values for the mass absorption coefficients are normally used in spectral x-ray

imaging.

X-ray scattering

Scattering contributions to the total atomic cross-section can be divided into elastic and inelastic pro-

CeSsses:

* Elastic scattering:

Elastic scattering of x-rays from electrons is called Thomson scattering when the electrons can
be considered free (low energy limit) and Rayleigh or coherent scattering when it involves bound
electrons. The classical Thomson cross-section for scattering from a single electron is independent

of the photon energy and given by

3 \mec?

2 2
aTh:SW< ¢ ) . 2.7)

! An important case for this is the use of contrast agents like I or Gd in clinical radiology.
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The total cross section for coherent scattering from atoms (bound electrons) is given by

dO’Th
oz, E) = / Fy(Z, B)=1q-49, (2.8)

where Fy(Z, F) is the atomic form factor. A separation of energy- and Z-dependency is not

easily possible for the above equation. However, the limits of

lim Fo(Z, E) = Z% and
E—0

(2.9)
lim Fy(Z, E)=0
E—o0
imply that

lim ¢°%(Z, E) = Z%¢™ and

F=0 (2.10)

lim o<°%(Z, E) = 0.

E—o0

* Inelastic scattering: The general relativistic expression for the differential cross section of photon

scattering from unbound electrons is given by the Klein-Nishina formula

doKN 1 e? 2 1
E)=— 2 — —sin®f
7 (E) 2<m) y [wy }

1
~ 1+¢€(1—cos)’
E
€= ——
Mec2’

y @.11)

where 0 is the angle of scattering. This expression reduces to the classical Thomson cross-section

for small energies, i.e. E < mec?.

Similar to equation [2.8] the total cross-section for general inelastic scattering is given by
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dO’KN
dQ

oincoh (7 E) = / ZS(E) dQ, (2.12)

where ZS(E) is the incoherent scattering function [Hubbell1975), [Hubbell1997]. It has the limits

lim ZS(E) =0 and
E—0

(2.13)
lim ZS(F) = Z.
E—oo
Therefore at higher energies the incoherent scattering cross-section becomes
olneoh( 7 B) = ZoKN (2.14)

Despite the fact that atomic electrons can neither be considered free nor at rest, this process
described by the equations - is usually referred to as Compton-scattering in x-ray

imaging physics.

Tabulated values of the mass attenuation coefficients according to equation are plotted in figure
for soft tissue and bone (International Commission on Radiation Units (ICRU) report 44) [ICRU44].

Generally, photoelectric absorption dominates the mass attenuation coefficients at smaller energies up
to a few 10 keV. Towards higher energies, scattering effects become more important. The amount of in-
coherent scattering is normally stronger compared to coherent scattering, however the exact point where
both effects are equal depends strongly on the investigated material. For example in bone, incoherent
scattering is approximately one order of magnitude higher for energies > 60 keV and almost two orders
of magnitude stronger for ¥ > 100keV. This observation often leads to the assumption that coherent
scattering can safely be neglected in x-ray imaging applications. Under these assumptions and putting
together the equations [2.2] 2.5] [2.6] and [2.12] the energy-dependent mass attenuation coefficient of an

arbitrary material without k-edges in the interesting energy range can be parameterized by

(E) = apnfen(E) + acfkn(E), (2.15)

SERS
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Figure 2.1: X-ray mass attenuation coefficients for soft-tissue and bone. The plots show the tabu-
lated values for all involved interaction mechanisms [[CRU44]. At higher energies, coherent
scattering effects are much smaller compared to incoherent scattering. E. g. in bone, the
contribution of incoherent scattering is approximately one order of magnitude stronger for
energies > 60keV and almost two orders of magnitude stronger for £ > 100keV. This
observation justifies in many scenarios the neglection of coherent scattering.

with the characteristic energy dependency of the photoelectric effect fpy, (E) = ﬁ while the Compton
effect is described by the energy dependency fxn(FE) = o%N of the Klein-Nishina cross-section. For

the coefficients of the basis functions we get

i
ac = N,

(2.16)
apy, = Cpu N (Z°1)3%,

with the effective electron density N°f of the material or mixture and its effective atomic number Z°f.

Chpy is a constant used to approximate the photoelectric cross-section [White1977]).

2.2 Spectral basis functions

According to the equations presented in section [2.1| the superposition of several characteristic energy-

dependent functions determines the x-ray attenuation of any material. Therefore, the energy-dependent



2.2 Spectral basis functions

X-ray attenuation can be treated as M -dimensional vector space with the photoelectric effect, Compton

and Rayleigh scattering and eventually k-edge jumps as vector basis:

M
%(E) =3 aafalB), 2.17)
a=1

where the index « identifies each interaction mechanism to be considered. The characteristic energy
dependencies f, (F) are called the spectral basis functions. For a two-dimensional (2D) basis under the
assumption that each material can be approximated by photoelectric absorption and Compton scattering
(cf. equation [2.15)), Lehmann et al. have shown that the attenuation of any arbitrary material can be

written in terms of a linear combination of two other ‘reference’ materials ¢ and b [Lehmann1981]]:

S(B) =l H(B) + o L(E). (2.18)

The transition from equation to equation [2.18|can be understood as basis transformation in terms
of vector algebra and is visualized in figure The characteristic energy-dependency of photoelectric
effect and Compton scattering are linearly independent and therefore any two linear combinations of

these functions is itself a new basis for the vector space.
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4 PMMA
t Soft tissue PVC
v

Compton scattering

>

Photoelectric absorption

Figure 2.2: Visualization of the spectral basis material transformation. A material, e. g. soft-tissue
is characterized by the unique contributions of photoelectric absorption and Compton scat-
tering. Therefore, these two effects span the vector space of x-ray attenuation. The same
holds true for any other two materials in the vector space, e. g. the polymers PMMA and
PVC. According to a transformation of basis functions, the attenuation of soft-tissue can be
expressed by a suitable linear combination of other materials which then constitute a new
vector basis.

2.3 Spectral forward-models and MLE of basis material
line-integrals

The basic measurement process in x-ray imaging yields the so called line-integrals of the attenuation
ur,(E) of the object’s mass attenuation coefficient. If the mass attenuation coefficient is 3D distributed

within the object dependent on the location vector r, then

pL(E) :/
5

(E, r)p(r) - ds, (2.19)

SERS

10



2.3 Spectral forward-models and MLE of basis material line-integrals

where S describes the path of the x-ray beam through the object. In the notation of the spectral basis

functions (equation [2.15)) the attenuation line-integral can be expressed as

P (2.20)
Ao = [ aa(r)ptr) - ds,
S

where A, is the line-integral of material «v and f,(FE) is the unique energy-dependency of the basis

material.

For the most basic case in spectral x-ray imaging we consider the measurement of an object composed
of a number M of materials at N > M discrete monochromatic energies E - - - E. The obtained set

of images can be expressed by the vector

p(Er) fi(EL) - fu(Er) Ay
: _ ST | 2.21)

W(EN) fi(En) - fu(EN) Ayp

with the N x M spectral basis function matrix B. The process of retrieving the basis material line-
integrals from the measured spectral attenuation data is called material decomposition. In this simple
case and when N = M the material decomposition can be obtained analytically by solving the above

set of equations:

Ay 1(Er)
: | =Bt : . (2.22)

Ay (EN)

In the more general case of imaging using a polychromatic (tube-)spectrum, a so-called spectral forward-
model F; relates the basis material line-integrals to the registered image intensity C; in several bins 4 of

the continuous energy spectrum (e. g. the number of photons registered by a PCD):

11



2 Principles of spectral x-ray imaging

C; = Fi(Ay). (2.23)

A very general and exact spectral forward-model was stated by Roessl et al. [RoessI2007]] implying
detailed knowledge of properties of the x-ray source and the energy response of the used detector system.
In this work the expected number of photon counts in each energy bin 7 of a PCD can be accurately

calculated and will be called the ground-truth value CZ-G T,

e}

CgTz/q%ff(E)e—Zif_l Aafa(B) G (E)AE, i=1..N. (2.24)

(2

0

Here ® ¢ (F) is the effective source spectrum comprising the emitted photon number spectrum and the
sensor quantum efficiency. S;(E) describes the bin sensitivity function of the used detector for energy
bin i. S;(E) accounts for the specific detector type used and contains effects that may lead to overlapping
energy bins. For a PCD the most important factors that contribute to .S;(E) will be discussed in the
sections and Exact knowledge of the system parameters @ (F) and S;(E) enable the direct
decomposition of registered images into basis materials. This was, for example, demonstrated by the
use of a MLE [RoessI2007) ISchlomka2(008]] resulting in unbiased and efficient (i. e. minimum variance)

estimates of the basis material line-integrals.

To circumvent the need for exact knowledge of all system parameters, empirical methods have been
developed that rely on the measurement of well-known calibration phantoms to subsequently extract the
basis material composition of samples. One particular method that models the object transmission using
rational polynomials of varying degree has already been proposed at an early stage in the development
of spectral x-ray imaging [Cardinal1990]. For example a rational polynomial of degree 2 yields in a

two-material basis

CRP _ cio+ci1Aa + ci2Ag + i 3A2 + i 4AnAg + Ci,SA%'
! Ci,6 + ci,7Aa + ¢ 8Ag

(2.25)

Models of the form [2.25] can be inverted numerically, for example by a least squares fit. Despite its
success in decomposing into two basis materials in dual-energy applications and the relatively simple
calibration which requires only a small number of measurements, the method tends to produce excessive

noise when used with over-determined spectral data [[Alvarez2011]]. That is, when more energy bins are

12



2.3 Spectral forward-models and MLE of basis material line-integrals

present than basis materials, standard polynomial methods can not take into account the proper noise
characteristics and therefore result in inaccurate estimations of the basis material line-integrals. In addi-
tion, the number of required terms in the polynomials and thereby the number of calibration coefficients
rises very quickly for larger numbers of energy bins and basis materials. Hence, projection-based decom-
position into more than two basis materials using polynomial approaches is hardly feasible in practice.
For the use with multi-bin PCD systems, a two-step method based on a MLE of linearised counting
numbers followed by the correction of the initial decomposition using a lookup table was implemented
[Alvarez2011[]. This so-called A-table method has the advantage that the estimator is computationally
fast as well as unbiased and efficient for any number of energy bins. However, appropriate sampling of

the involved lookup table also needs an excessive amount of calibration measurements.

If the number of available PCD energy bins is equal to or greater than the dimensionality of the attenua-
tion basis, N > M, a suitable parameter estimation method has to be employed in order to decompose
into the basis materials. Due to its unbiasedness and efficiency [Kay1993|], a MLE method was chosen
for the processing of the PCD data. Since there is a lot of literature available on the application of MLE
to spectral x-ray imaging [RoessI2007, |Schlomka2008| |Alvarez2011] , only the most basic features will

be described here.

Let ¢; denote the counts measured in energy bin 7 during an actual imaging experiment. This value is
a Poisson random number due to the statistical nature of x-ray emission and detection. Therefore, one
calculates the total probability P for a measurement to yield a set of count values c;. Assuming an object

characterized by a set of basis materials A, this probability evaluates as

Pler, e, Aa) = [ [ Me—@@“a% a=1..M. (2.26)

¢!
i=1 !

The task is now to find parameters A, that maximize P under a given set of ¢;. This is analogous to
minimizing the negative logarithm of P (NLL). Calculating the NLL and neglecting terms that are

independent of A, one obtains a cost function £ for the MLE:

N
Lct,en, Aa) =D (Ci(Aq) — ¢;InCi(Aq)) o = 1...M. (2.27)
=1

The maximum-likelihood estimate of A, will be called Ay, and can now be stated as

13



2 Principles of spectral x-ray imaging

Ay = argmin L(cy, ..., en, Aq)- (2.28)

@

Material decomposition can in general be done in the projection domain working directly on line-
integrals as well as in the reconstructed image space working on individual voxels. For systems with
separate acquisition of energy channels like dual-source concepts, the latter concept has to be applied
since projections are never registered to one another. However there are some issues associated with
image space decomposition. As mentioned already, registration of volumes with respect to each other
has to be performed prior to decomposition. E. g. in clinical scans this becomes necessary due to patient
movement during acquisition. Voxel values in the reconstructions are in general already subject to arti-
facts like beam-hardening. Therefore, the obtained images have to be corrected for such artifacts prior
to material decomposition. Furthermore, reconstruction techniques and correction algorithms might
alter the noise statistic in the images. Therefore, correlations in the basis material images might not be
exploited in subsequent postprocessing of basis material images which is also true for imperfections in
image registration.

Working in the projection space in turn offers the possibility to handle beam-hardening effects a priory
with no need to perform additional corrections. The resulting basis material line-integrals are indepen-
dent of energy and the full statistical information is preserved and available to subsequent analysis. As
energy-selective projections are acquired simultaneously by PCDs there is no need for image registra-
tions. Therefore, projection-based material decomposition will be considered in the remainder of this

work.

2.4 Noise considerations in spectral x-ray imaging

The emission and detection of photons is a stochastic process. Therefore, noise is present in each x-ray
image recorded by a detector. For an ideal photon-counting image, the behavior of noise follows a
Poisson distribution. During the material decomposition this noise will propagate into the estimates
of the basis materials. Two major considerations apply to the statistical noise in basis material images
namely the correlation of noise between basis material images and a general boundary for the noise

level in the images.
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2.4 Noise considerations in spectral x-ray imaging

Anti-correlated basis material noise

Assuming uncorrelated measurements in each of the PCD energy bins, one can apply a general form
of error propagation [James2000, RoessI2007a]. Let the matrix J be the Jacobian of the employed
spectral forward-model, i.e. J;; = 0C;/0A;. In a two-material attenuation basis the covariance matrix

V4 of the obtained basis material estimates can formally be calculated as

2
Va=g! (Ul 02> (T H, (2.29)

where the matrix P contains the statistical noise present in the measurements of photon count numbers.
Since we assumed uncorrelated energy bins the off-diagonal terms in P vanish. After carrying out
the matrix multiplication in equation [2.29]the off-diagonal terms in V4 (i. e. the covariance o 4, 4, of
the basis material estimates) become finite since all J;; # 0. A rigorous calculation [RoessI2007a,

Kalender1988]] further yields that the covariance

!
cov(A1|Ay) = 4,4, < 0. (2.30)

This means that the estimates for both basis materials are anti-correlated. An over-estimation of one

basis material line-integral will result in an under-estimation of the other.

The Cramér-Rao lower bound for the estimator

We first consider the general case of measuring random variables X that depend on a N-dimensional
vector @ = (1, 02, ...,0n)T of parameters. The probability density function P (X, @) describes the
probability that a specific parameter vector yields the observed set X. A measure for the amount of
statistical information contained in this experiment is given by the so-called Fisher information matrix
F [Kay1993]] with NV x N elements:

Fy - <aln7>(X, 6) OInP(X, 0)>9 | 231

00; 06,
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2 Principles of spectral x-ray imaging
where (.. .)¢ denotes the expectation value with respect to the parameters 6.

In the case of spectral x-ray imaging X corresponds to the vector ¢ = (¢, ¢z, ...,cx) T of counts
recorded in each energy bin, the parameter vector is given by A = (Ay, As, ..., Ay)" as defined by
equation[2.20and the probability density function can be replaced by the negative log-likelihood (NLL),
P — L(c;, Aa). The counts recorded by a PCD are Poisson distributed with (¢;) = var[c;] = CZT.
Under these conditions a special expression for the now M x M Fisher matrix elements has already

been deduced very early in the history of spectral x-ray imaging [[Alvarez1976, [RoessI2009]:

(2.32)

As discussed under section [2.3|the basis material line-integrals A must be inferred from the measured
counts by means of a suitable parameter estimation method, e. g. MLE. In case of an unbiased estimator
for the vector A, the so-called Cramér-Rao lower bound (CRLB) gives the lower limit for the variance
that is propagated from the measurements into the estimates related to the Fisher information matrix
[Kay1993]]. Hence it can be used to determine the minimum variance aiML of the estimates Ay,. In
the context of the cost function £ from equation [2.27| with Poisson-distributed counting data, the CRLB
yields [RoessI2009]

o4 2 (F Daa- (2.33)

Note that the actually obtained variance in the basis materials depends on the data processing scheme
that is implemented and may result in larger variance than predicted by the CRLB. Specific estimators
that achieve the CRLB are called efficient.

A very important application of the CRLB is the optimization of acquisition parameters for a specific

measurement. Examples thereof will be investigated in section[5.2]
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3 Photon-counting detector technology

Photon-counting detector technology is becoming increasingly attractive for spectral x-ray imaging
applications [Taguchi2013| [Ballabriga2016]]. The ability to acquire multiple energy-selective images
in a single shot and other benefits associated with individual processing of single photons offer many
advantages for material-selective imaging at reduced exposure levels and acquisition time. Therefore,
a major part of this thesis focuses on applications of such detectors to x-ray imaging techniques. This
chapter will provide the necessary technical background on the design and operation principles of PCDs

and discuss the unique features and limitations of these devices.

3.1 Classification of x-ray detectors

The purpose of every x-ray detector system used for imaging is the detection, quantification and digiti-
zation of the amount of radiation that is impinging on the detector at any given time interval. Therefore,

each detector must provide two more or less individual features:

* A radiation sensor that directly interacts with the x-rays, converting them into electrical signals

and

* Electronics to process theses signals and create digital images.

These two parts can be used to classify the various x-ray detector systems according to way the incoming

photons are registered and processed [[Knoll2010].
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3 Photon-counting detector technology

Indirect vs. direct conversion of x-rays

Radiation sensors can be distinguished by the way they facilitate the conversion from x-ray photons to

electrical signals. In that sense two major principles need to be distinguished:

* Indirect conversion: In this conversion scheme, the x-rays are first converted to visible light in

a scintillator crystal. These low-energy photons are subsequently converted to electrical signals,
often accomplished by Si photo-diodes. Typical materials for indirect conversion include ZnSe:Te,
Gd202S:Pr (Gadox, GOS), CdWO, and CsI:Ti [Shefer2013]] where a fast conversion from x-rays
to visible light is a crucial parameter for their use in CT. Since many of these crystals contain
significant amounts of high-Z elements their x-ray efficiency is usually relatively high. While
the wavelength of the emitted visible photons depends on the used material, the intensity is

proportional to the energy of the impinging x-ray photon.

Direct conversion: In this detection mechanism, x-ray photons are directly converted into elec-
trical signals by photoelectric absorption in a depleted semiconductor diode by the creation of
electron-hole pairs. Therefore, the electrical charge created per x-ray photon is usually much
higher after direct conversion and is proportional to the energy of the registered x-rays. Often
used semiconductors are Si, amorphous Se, GaAs, and CdTe/CZT (cf. section @ where the
last one is of particular importance in clinical imaging due to its high efficiency.

Energy-integrating detectors vs. single-pulse processing

The second major difference between detection systems is found in the way that the individual electrical

signals obtained from single events are handled by the readout electronics.
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* Energy-integrating detectors (EIDs): The electric charge generated by all impinging photons

is integrated over a defined time period (integration time 73) in a storage capacitor. Afterwards, the
current from discharging the capacitor is measured and digitized. Such detectors can intrinsically
handle an almost arbitrarily high photon flux. This integration process causes the contribution
of each photon in polychromatic beams to be weighted with its original energy. Therefore, the

output signal of EIDs is proportional to the radiation dose deposited in the sensor material.

Single-pulse processing: The signal pulse generated by each x-ray photon is processed individ-

ually and independent from the others. In some sense, this process can be understood by taking



3.1 Classification of x-ray detectors

lim7,_,0 in EIDs. Thereby, the current after discharging the capacitor is still proportional to the
x-ray energy. However, signals are typically very small and require further signal processing (cf.

section [3.2.2). Thereby, a discrimination of x-rays on the basis of their energy becomes feasible.

3.1.1 Overview of different detector types

Until today, a large variety of x-ray detectors have been developed for imaging applications. This
paragraph will provide a short list of the most widely used detectors with respect to the classification

offered above.

* Charge-coupled devices (CCDs): These detectors are EIDs and utilize mostly indirectly conver-
sive sensors. Each pixel consists of a photodiode and switchable electrode structures. Since not
every pixel has its own readout circuit, shift registers are used. The charge is shifted sequentially
to the end of a pixel row and read out serially. A long readout time is the result [Smith2009]]. Due
to the simplicity of the readout electronics the production costs are comparable low. Furthermore,

the simple structure allows for very small pixel sizes in the order of a few um and below.

¢ Computed radiography (CR) detectors based on storage phosphorsﬂ: CR systems were one
of the first digital x-ray imaging detectors available. They use an indirect conversion scheme by
first storing the absorbed x-ray energy in crystal defects in a metastable state. During readout, the
imaging plate is illuminated by a laser beam causing the stored energy to be emitted as visible
photons [Rowlands2002, [Leblans2011]]. Therefore, such detectors always are EIDs and have a

very long readout time in the order of several 10s.

* Flat-panel detectors (FPDs): The energy integrating FPDs are currently the most widely used
detector type in radiography and cone-beam CT [Cowen2008]]. Most FPDs are equipped with
indirectly conversive scintillators, however amorphous Se is used for direct conversion in some
models. The charge signal is read out by a thin film transistor. Therefore, FPDs can be produced
with large detector areas, as the manufacturing process is similar to display-panel production, lead-
ing also to comparatively low production costs per pixel. Read out times are relatively slowE] and
high dark current and gain non-linearities can limit image quality and need special consideration
[Wischmann2002, [Willis2011]].

!The term ‘phosphor” here does not imply that the actual chemical element P is used. It rather serves as a collective term for
compounds which exhibit phosphorescence.
Frame-rates of a few 10 fps can be realized
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3 Photon-counting detector technology

* Hybrid-pixel photon-counting detectors (PCDs): This detector system belongs to the class of
direct and single-pulse processing detectors [[Taguchi2013|,[Ballabriga2016]. Pulse processing and
readout circuits are strictly separated from the sensor layer, where the conversion from x-rays to
electric signals takes place. This allows an individual optimization of the sensor layer and readout
electronics. The design of the readout electronics is derived from CMOS technology. Advantages
are a high read out speed of more than 1000 fps, spectral resolution, a high dynamic range and
the possibility to suppress dark current. The concept of these detectors will be presented in more

detail throughout the following sections.

3.2 Design of photon-counting detectors

The technology of hybrid-pixel PCDs dates back to the late 1980’s where they have been developed
at CERN for tracking detector systems in particle collider experiments. The first hybrid pixel detector
was tested in the OMEGA spectrometer in the CERN heavy ion experiment in 1991 [[Anghinolfi1992,
Anghinolfi1992a]]. A few modifications of the readout application-specific integrated circuit (ASIC)
allowed the use of this technology for X-ray imaging [Ballabriga2016]]. PCDs are attractive for x-ray
imaging because they make use of direct conversion of the x-ray photons to an electric signal, which
provides a significant higher amount of charge per photon compared to indirect conversion mechanisms.
Furthermore, the single event handling allows to weight all photons equally. Also it enables to introduce
energy discrimination which allows for data acquisition without dark current and electronic noise. The
implementation of energy thresholds also allows to acquire energy selective images. The hybridization
between readout circuit and semiconductor layer offers the choice to fit the detector with a suitable

sensor material for a given application.

Figure shows the general structure of a hybrid-pixel PCD. The conversion from x-rays to electric
signals is facilitated by the diode-structures in the sensor layer. Processing of the charge pulses, energy
discrimination and analog-to-digital conversion is performed by the readout ASIC. In contrast to CCDs
or standard FPDs each single pixel has its own chain of active electronics to amplify and shape the
incoming signals in order to improve the SNR. A very general block diagram of such a pulse processing

chain is also illustrated in figure [3.1]
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Figure 3.1: Schematic representation of a PCD. The detection system consist of two major parts, a
semiconductor sensor and a readout ASIC which are connected via a bump-bonding process.
Electric signals are generated in the sensor directly by absorption of x-rays and subsequent
creation of electron-hole pairs that are separated and accelerated towards the sensor elec-
trodes in an electric field caused by the HV bias. The readout ASIC contains electronics for
pulse processing and energy discrimination of each single event and stores the registered
number of photons in a counter after analog-to-digital conversion.

3.2.1 Directly-conversive semiconductor sensors

This section will provide a short introduction to the basic properties and mechanisms of semiconductor
x-ray sensors. A more detailed treatment of these devices is e. g. given in [Spieler2005]]. The sensors
used in PCDs are in principle a 2D array of semiconductor diodes. Hereby n- or p-type regions are
periodically implanted into a monolithic bulk material of opposite doping. The resulting sensor is
sensitive to incoming x-rays over its entire surface area. Via a metal contact layer, the sensor is connected
to a high voltage bias Uy, in reverse direction, causing full depletion of the diode structure from intrinsic
charge carriers. Figure 3.2 shows the simplified structure of a p-in-n silicon sensor. A metal bond-pad

allows the connection of the sensor to the readout system via solder bump-bonds.

When an x-ray photon is absorbed in the sensor layer of thickness d, a charge cloud consisting of
electrons and holes is created. Thereby, the total amount of charge () is determined by the ionization
energy F; which is proportional to but greater than the band gap of the semiconductor [Spieler2005]):

B,
— 3.1
= G.1)

where F is the energy of the absorbed x-ray photon. Therefore, the amount of charge created is also
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Figure 3.2: Schematic representation of a semiconductor sensor. In this drawing, a p-in-n Si sensor
is shown, however the generals structure of the sensors is the same for all used materials.
Incoming x-rays are absorbed in the bulk material and create a charge cloud of electrons
and hols proportional to the energy of the absorbed photon. The charges are separated and
transported to the electrodes in the externally applied electric field from the HV bias.

proportional to the energy of the photons.

Subsequently the charge carries drift towards the electrodes under the influence of the electric field
E, |E| = Uy /d. The current density J induced in this way depends not only on the amount of charge,
but also on the individual mobility p,, |, of electrons and holes since the drift velocity vp is determined

by the mobility:

- —

J = q(nvp,n + pup,p) = (Nptn + ppp)qE, (3.2)

where n and p are the volume densities of the charge carriers. Typically the mobility of the charge
carriers is different for electrons and holes in a given semiconductor. This very often determines the

sensor structure (p-in-n vs. n-in-p) since it is desirable to collect the charge carriers with the larger
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mobility at the readout electrode [Ballabriga2016]. From equation [3.2] the nominal charge collection

time tc can be derived:

tc> — = —. (3.3)

This defines the minimum amount of time required for the shaping of a single pulse such that the
complete input signal is collected and processed by the readout electronics. The loss of signal amplitude
for shorter collection times is referred to as ballistic deficit and can degrade the energy resolution of the

detection system.

At the same time that the charge carriers drift towards the electrodes, lateral diffusion of the carriers
takes place. Assuming a gaussian charge profile, the broadening o of the initial charge cloud during
the collection time t¢ in equation [3.3] can be obtained by using the Einstein relations of the diffusion
coefficient D and the carrier mobility [Ballabriga2009]:

kT d?

oc=+\2Dtc =/2——, (3.4)
e Uy

where k is the Boltzmann constant, 7" is the temperature and e the elemental charge.

As discussed in section [2.1] the x-ray absorption characteristics of a material depend strongly on its
atomic number Z. For a complete deposition of the x-ray energy within a small volume it is desirable
that the x-rays interact with the sensor primarily via the photoelectric effect and therefore larger Z
values are beneficial. One can define the energy-dependent fraction Q(E) of photons absorbed by a

Sensor as

Q(E) =1 — ¢ #s(Bids (3.5)

where ug(E) and dg are the sensor’s absorption coefficient and thickness. Q(F) is also called the

sensor’s quantum efficiency.

Figure [3.3|summarizes the important material constants for various semiconductors that are frequently

used for PCD sensors. Comparing the quantum efficiencies for Si, GaAs and CdTe one can see that

23



3 Photon-counting detector technology

Properties of different semiconductors . 1.0 \ N, I | I SI ]
g LN - S
Semiconductor Si | GaAs | CdTe S 08t | \‘\‘ --— GaAs |
; B \ k — CdTe
Atomic number 14 | 31,33 | 48,52 9 \ \
Z 2 06F * -
Bandeapat 300K | 1 1o | 142 | 16 £ \ Y
- \ \ |
Ionization energy E; £ 0.4 \ N,
< 361 | 426 | 443 5 \ .
b £ 02 . .
e . - \ '~ .
Electrongrzln(llblhty 14 85 11 é . e
- /110 fl . e ]
ole mobility 0.0 ' ' ' ' ' ' .
/103 em 0451 04 1 01 0 20 40 60 80 100 120 140
Vs X-ray energy / keV

Figure 3.3: Properties of different semiconductors used as PCD sensors. The table lists frequently
used materials and summarizes their most important material parameters. The plot compares
the absorption efficiency of 1 mm thick sensors using Si, GaAs and CdTe calculated using

equation @

primarily for medical applications, where an almost complete usage of the x-ray dose delivered to the
patient is crucial, high-Z semiconductors like CdTe are essential. For CT applications, thicknesses of
2 — 3 mm are typically required. Therefore, a lot of effort was put into the development of high-purity
materials covering larger ares suitable for sensor applications during the recent years [DelSordo2009)
Ruat2014, [Prokesch2016] and the availability of CdTe/CZT detectors with thickness of more than 1 mm

is increasing.

3.2.2 Photon-counting readout electronics

The most important part setting apart a PCD from an integrating detector like a flat-panel detector is the
readout ASIC. In this section we will have a closer look on the design and functionality of the pulse

processing electronics that are employed in PCDs.

Besides some common blocks like voltage and current references and readout lines, each pixel in
the detector array has its own active signal processing chain consisting of amplifiers, signal shaper,
discriminators and digital elements. Since the physical size of a pixel is usually small in the order of
50 — 300 um, the processing chain and the digital electronics are implemented in a sub-micrometer
CMOS process [Broennimann2009a]. Figure [3.4] gives an overview of the basic structure found in each

pixel separated into an analog part and a digital part.
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Figure 3.4: Block diagram of a PCD readout ASIC. The electronics can be grouped into an analog
part (blue area) and a digital part (green area). Charge signals coming from the sensor are
amplified and shaped in order to increase the SNR of each event and to prepare them for
energy discrimination in an array of several discriminators. The output of the discriminators
is passed to a digital pulse processing logic and finally the registers in the counters are
increased where appropriate. Sketches of the signal waveforms after each stage are shown
below the blocks.

Three major components can be found in the analog front-end: A pre-amplifier, pulse shaper and energy

discriminators:

* Pre-amplifier:

Under typical operating conditions in x-ray imaging, the electric charge deposited in the sensor is
very small. According to equation [3.1]a 50 keV photon will result roughly in a charge of merely
1.8 fC. Thus amplification is necessary before further processing can be applied to the pulses.
The pre-amplifier can be seen as operation amplifier configured with an integrating feedback
loop. An incoming current pulse is amplified and transformed to a step impulse with a long decay
time. The amount of amplification (i. e. the amplifier gain) is determined mainly by the feedback
capacitance CF and is inversely proportional to Cr. Many PCDs offer a switchable feedback

capacitance to adjust the gain to specific needs of the sensor material and the used energy range.
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The amplitude of the signal after the pre-amp should be directly proportional to the energy of the
incoming photon. For very high photon energies or high amplifier gains, non-linearities of the

output and saturation effects of the signal might occur that limit the energy resolution.
Pulse shaper:

After amplification, the signal pulse is transformed by the pulse shaper. Its main purpose is to
increase the Signal-to-Noise ratio of the detector system since the pre-amp also amplifies input
noise. The signal pulse coming from the pre-amplifier is a function of time, but the signal power
spectrum is also distributed in frequency space. The frequency spectra of the signal pulse induced
by a photon event and noise components are in general different. Thus, a frequency response
filter can be utilized to selectively amplify the signal and attenuate the noise. Since the filter
changes the frequency response, the time dependency of the curve respectively its pulse shape is
modified as welﬂ A typical shaper is configured as a CR high-pass and a RC low-pass filter. The
high-pass filters works as differentiator that introduces the wanted decay time to the step impulse.
Its bandwidth is limited by the subsequent integrating low-pass filter which also determines the
rise time 75 of the resulting pulse. The simplified shaper output signal can be described by the
function [Spieler2005]

V(t) = Vo <t> e s, (3.6)

Ts

Typical values for 75 in PCDs are in the range of a few 100 ns. The amount of electronic noise that
is still present in the signal after the shaper output depends on the feedback capacitance Cr and the
shaping time 75. Thereby high values of Cr, i. e. small gain and short peaking times 75 increase the
electronic noise floor. The amount of electronic noise determines the energy resolution achievable

via energy discrimination.
Energy discriminators:

The discriminators are the interfaces between the analog and digital side of the signal processing.
The discriminator detects zero-crossings of the incoming signal and emits a digital pulse when
the falling flank of the signal drops below zero. By using global offset threshold signals THL ...y
which a re subtracted from the input signals energy discrimination is enabled. Therefore, a discrim-

inator detects any signal with a higher amplitude than the threshold or in terms of photon energy

3Therefore the name pulse-shaper
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Figure 3.5: Shaper output and energy discrimination in PCDs. The curves show two typical shaper
output signals according to equation [3.6| belonging to photons of different energy. When
the signal amplitude exceeds the value defined by the threshold signals, the discriminators
increase the associated counter registers. Electronic noise imposed on the shaper output
limits the energy resolution of discriminable photons. By setting the thresholds above the
noise floor, the influence of electronic noise in form of dark current can be effectively
eliminated from the images.

, it detects any photons with a energy higher than the energy associated with the discriminator
threshold. A series of IV parallel discriminators enables sorting of incident photons into N dis-
crete energy bins. Although the input signals to the discriminators are proportional to the photon
energy, the constant of proportionality differs from pixel to pixel. This effect has to be attributed
to manufacturing tolerances of the analog components (resistors, capacitors, etc.) resulting in
different gain and offset values. To compensate for this effect, a second offset signal Trim;...y is
fed to the discriminators which is individual for each pixel. Therefore, the CNR in x-ray images
is increased by reducing inter-pixel variations of the spectral response. In a dedicated calibration
or ‘trimming’ process, the energy-to-threshold relation and the required trimming parameters are
determined by measurements of well-known x-ray sources [Kraft2009a, [(Uher2011} [Panta2014].
The processing of the shaper output is visualized in figure[3.5]

¢ Analog-to-digital converters (ADC) and counters:
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The acquisition of x-ray images is controlled by the Digital part of the ASIC. As long the dig-
ital shutter signal is active, the ADC feeds clock signals to the counters when the associated
discriminator is triggered. Each clock pulse increases the values stored in the registers and the
number of photons with energy greater than the threshold is recorded. When the shutter signal
becomes inactive, the values can be read out and the counters are reset. Additionally, inter-pixel
communication is used in some PCDs to correct spectral artifacts on-chip and in real-time, cf. the

next section.

3.3 Spectral distortion effects in photon-counting detectors

In an ideal PCD system each registered photon deposits all of its energy in a single pixel. However,

several processes lead to spectral distortions as the total energy of a photon is separated between two or

more individual pixels. Such cases like charge-sharing, scattering or fluorescence escape degrade both

the spatial and spectral resolution of a PCD. Other effects like pulse pile-up only affects the spectral

response and the registered count rate. A simple illustration of these effects in the sensor is provided

by figure [3.6|together with the associated shaper output. The most important effects will be highlighted

and discussed briefly.
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* Charge-sharing:

Lateral diffusion and Coulomb repulsion of the created charge cloud result in a broadening of the
charge packet during drift towards the sensor electrodes. When the photon hits the sensor close to
a pixel boundary, the total charge may spread over two or more neighboring pixels (figure [3.6B).
Thereby, each pixel registers a photon count with reduced energy. The spatial resolution is reduced
due to an effective blurring and a positive correlation between photon counts in neighboring pixels
is introduced. According to equation[3.4] the amount of charge sharing can be decreased by using a
larger pixel area, thinner sensors and higher bias voltages. Charge-sharing is a continuous process
resulting in a relatively flat background in the spectral response of the detector. By implementing
a summing of the shaper output signals from neighbor pixels and hit detection by inter-pixel
communication, some PCD readout ASICs can correct charge-sharing on-chip and in real-time
[Ballabriga201 1}, [UIlberg2013|]. Hereby, the total charge gets attributed to a single pixel and the
spatial resolution is increased by elimination of the cross-correlation. Implications of the improved

spatial resolution after correction of charge-sharing are investigated in chapter [§]

¢ Scattering and fluorescence emission:
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Figure 3.6: Illustration of spectral distortion effects in PCD sensors. Ideally a photon deposits all
its energy in a single pixel (A). In real systems, different cases of spectral distortion need
to be accounted for. Lateral spread of the drifting charge cloud may lead to charge-sharing
effects between neighboring pixels (B) degrading both the spatial and spectral resolution of
the PCD. Scattering in the sensor (C) and fluorescence escape (D) lead to similar effects.
Signal pile-up occurs when two photons arrive very shortly after each other compared to the
signal peaking time 75 (E). This effect usually occurs in high-flux applications and leads to
a drop of count rate and incorrect energy bin assignment of photons.

Ideally an absorbed photon should deposit its entire energy locally in the sensor via the photo-
electric effect. However, there is a certain probability that incoming photons undergo scattering
processes. In such cases, the scattered photons travel further in the sensor and may eventually
reach a neighboring pixels before they are absorbed completely. Both coherent and incoherent
scattering may occur (figure [3.6]C and D). The effects of Compton scattering on the obtained
photon energy spectra consist of a continuous background extending from low energies to the
so-called Compton edge [Knoll2010]]. Another possibility is that a certain amount of the absorbed
energy is re-emitted by means of x-ray fluorescence. Especially high-Z sensor materials are prone
to emission of long range secondary fluoresce. For example in CdTe, the mean energy of flu-
orescence photons is approximately 25 keV resulting in a mean free path-length of ~ 110 um
[Ballabriga2016] which is enough to cover a distance of several pixels. The overall spectral dis-
tortions introduced by these processes are similar to those arising from charge-sharing and can

be corrected to some extent by inter-pixel communication on the ASIC.

 Pulse pile-up:
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Figure 3.7: Illustration of the pile-up effect in PCDs. In the presented scenario, photons of two differ-
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ent energy are sorted into three different energy bins. In the leftmost case, the photons arrive
with enough delay and the two events are well separated and registered in the correct energy
bins. When the time between the arrivals decreases, a photon is lost in the lower energy bin
and falsely registered in the middle bin. Further decreasing the time gap, the signals overlap
such that the resulting shaper output corresponds to a single photon with strongly increased
energy.

Due to the Poisson nature of x-ray emission, the arrival times of the photons at the sensor follow a
stochastic distribution. Accordingly, there is a finite probability that two or more signals induced
by consecutively arriving photons overlap in the processing chain (figure[3.6E). This process is
called pulse pile-up and results in significant spectral distortions when the x-ray flux increases

and overlap becomes more likely. Possible pile-up scenarios are illustrated by figure

Pile-up generally leads to losses in the registered total number of photon counts combined with
spectral distortion due to an improper sorting of photon into the pre-defined energy bins. The
probability of pile-up to occur increases with the photon flux and the shaping time 7. To reduce
pile-up in high flux environments the shaping time constant could be reduced at ASIC design. This
is however only feasible to some extent as a strong trade-off exists between a decrease of 75 and
increased electronic noise and ballistic deficit, both of which degrade the energy resolution. Based
on the particular implementation of the pulse shaper and discriminator on the PCD ASIC, different
analytical models can be employed to describe the count-rate losses due to pile-up [Knoll2010].
In the so-called non-paralyzable model signals from photons arriving within the processing time
are simply ignored by the electronics and thus have no further effect on subsequent measurements.
In contrast to this, the processing time in the paralyzable model is reset and therefore extended if a
second photon arrives within the time required to process the first event. The observed count-rate

Rout in many PCDs follows the paralyzable model which is described by the equation
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Rouy = Rine_Rm‘T- (3.7)

Therefore, the observed count-rate has a maximum when the incident rate satisfies Ry, = 1/7
and drops towards zero for larger incident flux. In this context, 7 is referred to as the dead-time

and approximately 7 ~ 7.

It can also be understood from figure [3.6]E that the probability for pile-up is a function of the
detector energy threshold since the width of the peaks and therefore the dead-time increases at

lower thresholds.
* Sensor polarization:

The phenomenon of so-called sensor polarization results in a time-dependent decrease of the reg-
istered count rate and an associated shift of the spectral response. It is typically observed in high-Z
semiconductor sensors where the concentration of defects is increased [Malm1974]. Trapping and
de-trapping of charge carriers in the sensor leads to local distortions of the electric field induced
by the bias voltage. Thereby the charge collection efficiency is decreased. It has been shown that
a periodic reset of the bias voltage can reverse the effects of polarization [Bell1974, [Seino2008]].
This technique is also routinely implemented by some commercial PCD systems. It is conceived

that CZT sensors are less sensitive to polarization than pure CdTe material [[Prokesch2016].

In chapter[5a model for several of the spectral distortions discussed here will be presented for simulation
of PCD data.
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4 Characterization of a state-of-the-art
dual-energy spectral CT system

One major difference that sets apart spectral PCD-based CT from current dual-energy scanners is the
fact that spectral data is acquired perfectly registered both in the temporal as well as in the spatial
domain using PCDs. In contrast, most state-of-the-art dual-energy CT systems utilize interlaced acqui-
sition for the low- and high-energy data. Often used concepts include dual-source systems [Flohr2006,
Petersilka2008]] and rapid kVp-switching between projections [Kalender1986, [Hsieh2010, Zhang2011]].
Typically, such systems suffer from problems related to incorrect registration of low- and high energy
data, cross-scattering of photons from one energy bin to the other [Engel2008), [Petersilka2010], poten-
tially increased radiation dose and poor spectral separation [McCollough2015]. On the road to spectral
scanners based on multi-bin photon-counting detectors, a new dual-energy CT scanner based on a dual-
layer integrating detector was introduced recently. In this concept, the acquisition of dual-energy data is
performed simultaneously by a single detector and therefore the data are always registered perfectly in

the projection domain.

As discussed briefly in the introduction and chapter [2} projection-based material decomposition has
physical and technical advantages over image-based methods leading to many medical applications
[Graser2008,, |(Chae2010, [Pache2010, Bamberg2011}, [Yuan2012[]. The aim of the study presented in this
chapter is to evaluate the quantitative accuracy and imaging quality of the recently introduced dual-layer
CT. This was accomplished via various phantom measurements using the dual-layer detector CT system.
In the following, an overview will first be given over the used dual-layer spectral CT scanner and the
used phantom followed by a detailed analysis of the quantitative accuracy of the spectral images. The
measurements presented include the determination of CNR, the measurement of energy-dependent

Hounsfield units (HU) and quantification of iodine concentrations and effective atomic numbers.
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Figure 4.1: The spectral CT scanner used for this study. (A) shows a photograph of the dual-layer
spectral CT system installed at the Klinikum Rechts der Isar of the Technical University of
Munich, Germany. (B) outlines the principle of the dual-layer detector system. A polychro-
matic beam of x-rays impinges on the detector. The low energy photons (represented by red
dots) are mostly absorbed in the top scintillator. This upper layer is mostly transparent to
higher energy photons (represented by blue dots), which are then registered by a strongly
absorbing second scintillator.

4.1 Dual-layer spectral CT

The measurements have been carried out on a commercially available dual-layer spectral CT systenﬂ
installed at the Klinikum Rechts der Isar of the Technical University of Munich. The concept of a
sandwich-type detector consisting of two layers of different scintillators for energy-selective CT imag-
ing has already been proposed in 1978 [Brooks1978]]. The present systems utilizes a similar concept
consisting of a thin ZnS top layer and a thicker GOS bottom scinillator read out from side by an
edge-on photodiode array [Altman2009]]. Since the registered signals in each detection
layer can be shown to be effectively uncorrelated [Sones1989], standard methods for projection-based
material decomposition can be employed in this concept, e. g. ML-based parameter estimation. The
discussed scanner acquires spectral image data per default in every CT scan. Therefore, the need to
select task-specific scanning protocols typical for other dual-energy scanners is eliminated. The spec-
tral raw-data are processed in the projection domain and a decomposition into photoelectric and scat-
tering basis functions is performed. This procedure enables efficient elimination of beam-hardening
artifacts and proper treatment of the anti-correlated noise introduced by the material decomposition
[McCollough2015| Brown2015| [Kalender1988]. A conventional polychromatic CT image is also recon-
structed from the summed contributions of both detector layers.

'TQon spectral CT, Philips Healthcare, USA
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4.2 Description of the phantom

The available spectral image results include VMIs, iodine concentration maps, VNC images and
effective-Z maps. Since all spectral results can be calculated from a suitable linear combination of
the photoelectric and Compton basis images, all evaluations can be done retrospectively with the avail-

able scan data.

4.2 Description of the phantom

Semi-anthropomorphic phantom

During the following experiments, a modular semi-anthropomorphic phantom was used. The basic
phantom body represents human abdominal anatomyE] with dimensions of 300 x 200 mm?. Larger
patient sizes are simulated using additional extension rings made from adipose-equivalent material up
to a total diameter of 600 x 450 mm?. For the presented studies, extension rings consisting of adipose-
equivalent material were used. In the center of the phantom, task-specific inserts can be installed using
a 100 mm borehole. Figure 2] shows photographs as well as schematic drawings of the phantom

geometry.

Task-specific inserts

For the evaluation of the dual-layer detector CT system, several task-specific inserts were used. Pho-

tographs of these inserts are shown in figure 4.3

One insert consists of several medium-contrast features of decreasing size. The nominal contrast of
the features with respect to the background ranges from —25HU to —100 HU for the polychromatic
spectrum of a W-anode tube at a voltage of 120kVp. This insert was used to assess the CNR and

therefore the detectability of medium-contrast objects in different spectral images.

For the evaluation of the quantitative accuracy in images derived from the material decomposition, a
custom-made insert was used providing four slots that can be equipped with rods of different materials.
These rods were obtained from the same manufacturer together with their theoretical elementary com-
position and effective-Z values. A list of the used inserts is provided in table[d.T]along with the expected

CT number of the inserts at 120 kVp and the corresponding effective atomic numbers. According to the

ZQRM-Abdomen, QRM GmbH, Méohrendorf, Germany
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Figure 4.2: Images of the semi-anthropomorphic abdominal phantom used to assess the image
quality of the dual-layer spectral CT scanner. The phantom features soft-tissue (35 HU),
liver, spleen (both 55 HU) and spinal contrast features and can be extended with task-specific
inserts located in the central borehole (A). The CT numbers mentioned for the phantom
features are reference values valid for a tube voltage of 120kVp. The phantom can be
extended to mimic obese patients using additional stackable rings (B). The dimensions of
the phantom and different extension rings are shown in (C) in units of mm.

manufacturer, the iodine samples contain additives in the resin to stabilize the iodine and minimize dif-
fusion. Unfortunately, the exact formulation and amount of these additives are not known and therefore
the effective atomic numbers remained undetermined. For the bone-like material, the BMD numbers

refer to the mass concentration of calcium-hydroxyapatite (HA) embedded in a special resin.
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4.2 Description of the phantom

Insert (tissue equivalent) | App. CT number / HU | Nominal Zgg
Water 0 7.21
Muscle 45 7.31
Liver 56 7.32
Adipose -80 5.65
Todine 0.5 mg mL~! 22 n.A.
Iodine 0.75 mg mL~* 28 n.A.
Todine 1.0 mg mL~! 35 n.A.
Todine 2.0 mg mL ™! 60 n.A.
Todine 5.0 mg mL~! 138 n.A.
Iodine 10.0 mg mL~! 266 n.A.
Todine 15.0 mg mL~! 388 n.A.
Bone, BMD 100 mgcm 3 125 8.64
Bone, BMD 200 mg cm 3 255 9.76
Bone, BMD 400 mgcm 3 502 11.17
Bone, BMD 800 mg cm 3 1005 12.90

Table 4.1: Description of the phantom inserts used to characterize the quantitative accuracy of the
spectral results generated by the dual-layer detector CT system.
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Figure 4.3: Task-specific inserts for the QRM CT phantom. An insert with medium-contrast features
showing CT-number differences (HUA) between —25 HU and —100 HU with respect to
the background at 120kVp is used to study the CNR behavior (A). Quantitative values
of various spectral images (e.g. iodine concentrations, effective atomic numbers, energy-
dependent HUs) can be investigated with a modular insert offering exchangeable material
rods summarized in table El (B).
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4 Characterization of a state-of-the-art dual-energy spectral CT system

4.3 CT data acquisition and reconstruction

The parameters of the data acquisition were selected such that they are as close as possible to clinical
routine protocols. According to the phantom, an abdominal CT protocol was selected. A tube voltage of
120k Vp was selected for all subsequent studies since the thickness of the detector layers is optimized
to yield maximum spectral separation at this value. Each experiment was carried out at three distinct
exposure levels resulting at volumetric computed tomography dose index (CTDIvol) values of 10 mGy,
20 mGy and 30 mGy. Exposure modulation was not used in order to guarantee direct comparability
between different scans. Additionally, the scans were repeated five times each to enable basic statistical
analysis of the obtained data. The exact tube loading and spiral pitch values were determined auto-
matically by the scanner according to the selected protocol. For image reconstruction, conventional
(polychromatic) CT images were reconstructed from the summed contributions of both detector layers
using the manufacturer’s proprietary iDose algorithm at level 0, i.e. no iterative post-processing was
applied to the data. This setting corresponds closely to performing a plain filtered back-projection (FBP).
Additionally, so-called spectral base images (SBIs) were obtained using material-decomposition on the
projection data and subsequent image reconstruction was also carried out using an FBP-equivalent
algorithm. For all images, the slice thickness and spacing was chosen to be 3 mm each. The largest
extension ring was not used in this study since the phantom periphery would not be within the available

acquisition field-of-view (FOV).

The specific type of spectral images (VMIs, iodine-maps, effective-Z maps) was selected after image

reconstruction using the manufacturers spectral workstatiorﬂ

4.4 Behavior of medium-contrast CNR in spectral images

In previous studies it was shown that VMIs can enhance the image quality by increasing the contrast
between different tissues and optimizing the CNR [Yu2011, [Yu2012, IPomerantz2013|, [Yamada2014]].
Therefore, VMIs can contribute to a more accurate diagnosis and a potential reduction of radiation dose.
However, it was also demonstrated e.g. in [Pomerantz2013]] that the obtained CNR is a function of
the energy at which a VMI is synthesized. This behavior is due to the amount of anti-correlated noise
introduced by the material decomposition process as explained in section[2.4] The perfectly registered ac-
quisition of spectral data in the spatial and temporal domain by the dual-layer detector enables to exploit

the full statistical information and noise correlations. Advanced de-noising schemes applied directly

*IntelliSpace Portal V6.5, Philips Healthcare, USA
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4.4 Behavior of medium-contrast CNR in spectral images

after projection-based material decomposition [Kalender1988| [Petrongolo2015], [Petrongolo2015al] can
help to cancel out the correlations and substantially reduce basis image noise. Such an algorithm is
implemented in the IQon scanner and an increased noise performance can be obtained compared to
systems with sub-optimal spatial registration of spectral data. However, no detailed information on the

actual implementation in the this particular system is available from the manufacturer or the literature.

To study the CNR in spectral images obtained by the IQon, CT images have been acquired using the
phantom with the medium-contrast insert shown in figure 4.3B. In addition to the polychromatic image,
VMIs were reconstructed covering the complete energy range available for evaluation extending from
40keV to 200keV in steps of 10 keV. The medium-sized extension ring was used in this experiment
yielding a total phantom size of 300 x 400 mm?. The CNR is defined as

|HUc — HUgy|

)
[ +2 2
OC+0Bg

where HUc, g, are the mean CT numbers in the contrasting features and the background and oc g,

CNR = “4.1)

the associated standard deviations. To determine these values, a circular region-of-interest (ROI) was
selected in the largest feature at each contrast level and the background at the positions indicated in
figure4.4] for each energy level. The five scans for each exposure level were averaged after calculation of
the individual CNRs and the obtained values have been normalized to the corresponding CNR observed

in the conventional image.

For the majority of contrast levels and energies, the CNR in the VMIs exceeds the values in the associated
conventional image. For positive contrast values, the obtained increase is more than two-fold at lower
energy levels. The overall behavior of the measured CNR does not depend on the radiation dose, c.f.
figure .5 The observations made so far can be explained using the determined image noise in the same
ROIs. Due to the noise reduction using statistical noise correlations in the basis images, the standard
deviations can be kept at a constant value over a wide energy range from 50 keV up to 200 keV which
is lower than the corresponding noise in conventional images (figure [4.5] right column). Therefore, the
CNR is dominated by the difference in HU values. For energies of approximately 80 keV and higher,
CT numbers are known to be roughly independent of energy for a wide range of materials whereas
contrasts begin to rise drastically towards lower energies. Therefore, also the determined CNR rises at

lower energies.
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Abdomen Abdomen
FBP, iDose (0) MonoE50keV , MonoES0, Spectral (0)
MonoES50keV , MonoESO, Spectral (0)

558mA 120kV’ \ 0 558mA 120kV'
24.08.2016 15:2371. 5 24.08.2016 15:2371.

Figure 4.4: Conventional CT image (A) and 50keV VMI (B) of the medium contrast phantom
insert. Both images are shown in the same HU window. Increased contrast can be observed
in the VMI due to the lower virtual photon energy. The location of the ROIs used to assess
the CNR are marked in the images.
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4.4 Behavior of medium-contrast CNR in spectral images
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Figure 4.5: Behavior of CNR in synthesized VMISs of the 300 x 400 mm? phantom at different dose
levels. The curves correspond to the ROIs marked in figure The left column shows
the measured CNR normalized to the conventional image while the corresponding image
noise is shown in the right column. CNR values in VMISs are typically higher compared to
the conventional image, while for positive contrasts more than a two-fold increase can be
observed towards low energies. The mostly energy-independent noise curves are the result
of the de-noising algorithm exploiting statistical correlations in the basis image noise.
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4 Characterization of a state-of-the-art dual-energy spectral CT system

4.5 Quantitative accuracy of energy-dependent CT numbers in
VMiIs

In the previous section it was demonstrated that the increased CNR in the VMIs is mostly due to the
increased HU difference towards lower energies. Since HU values are based on the x-ray absorption
difference of a given material with respect to water, they are in general an energy-dependent quantity. The
accuracy of the calculated CT numbers in VMIs covering the available energy range will be evaluated

in this section.

A theoretical reference for the values HU(E) of a given (compound-) material is established using the

relation

HU(E) = 1000 T 2 (5), — nE)eo 42
( )_ : ,Uz(E)HZO ’ ( . )

where F is the photon energy, pmae the mass-density of the investigated material, a; the mass fraction of
chemical element ¢ contributing to the material with the associated mass attenuation coefficient (%) ‘

7
and i (E)mo is the absorption coefficient of pure water.

The evaluation was done measuring the spectral CT numbers for various insert rods representing differ-
ent types of tissue, e.g. liver, fat, bone and iodinated blood. The theoretical values for these materials
were calculated using the known chemical composition of the insert rods and their mass-densities as
communicated by the phantom manufacturer. Inserting these values into eq. yields the reference
values comparison to the dual-layer CT system. However, the chemical composition and densities are
subject to measurement inaccuracies and therefore, the reference values for the spectral HU values are of
limited accuracy themselves. Applying error propagation to eq.[4.2]yields the accuracy of the reference
values. As an example, the error interval for the mass density of the water-like insert is +£0.02 gcm ™!,

which translates into a potential error of +20 HU in CT numbers.

The results of this evaluation is shown graphically in figure [4.6] We obtained an overall good agreement
between measured and theoretical values. The shaded region around the curves of theoretical values in-
dicate the tolerances of the calculated reference values. The errorbars of the measured values correspond
to a 2¢ interval with the measured standard deviation of noise. Typical errors of HU values measured in
VMIs are well below 10 % for medium and high energies. At energies lower than 60 keV, deviations of

measured values from theoretical values can be detected which do not fall into the error intervals. This

42



[*))
(o]
(e)

CT number / HU
S
(@]

-200

4.5 Quantitative accuracy of energy-dependent CT numbers in VMIs

N
=)
S

[e)

600 |
2400 |
5
o)
£200 1
=]
|
F
T‘:’B.i)mm’ L‘: 7&'@1 _/lifé.ZOlG 21:32:56 '200 50 100 ISlO 200
Energy / keV
600 | ; 30 mGy
| 2400
1 B
o)
1 §200¢ 3
=
= L =) i
i“f"i--G--t--g--g--g--g-ﬂg--v--t--g-*-*—*——- S 0 I s e Al G A G s G G G G 4
ST T T T T T T ey F T T T T e+
g ,x-"""w*““
il ' ‘ 200 . : :
50 100 150 200 - 50 100 150 200
Energy / keV Energy / keV
—— H20 equivalent ? # ¢ H20 equivalent
—— HA200 h ical i 8 % HA200 measured
12 mg/ml theoretica 1 1112mg/ml
_________ Adipose reference % 1 ¥ Adipose values
----Liver i ¢ 1 Liver

Figure 4.6: Accuracy of spectral CT numbers at different dose levels. The values of the spectral
CT numbers were measured in the ROIs as indicated in the image. The properties of the
different materials used in the measurements are summarized in table 4.1l For dose levels
between 10 mGy and 30 mGy, a good overall agreement between measured and calculated
HUs is observed. The accuracy of the measured values is indicated by the black errorbars.
The reported elemental composition of the inserts are subject to certain tolerances, leading
to an error interval for the theoretical values. This tolerance is marked by the shaded areas

around the theoretical references.
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4 Characterization of a state-of-the-art dual-energy spectral CT system

behavior can partly be attributed to a general problem in a two bin spectral CT, namely the limitation
of the decomposition into two basis materials. Especially for elements with higher atomic numbers like
calcium or iodine, a two material basis is increasingly inaccurate when considering lower energies. The
determined mean HU are mostly independent on the radiation dose which is again underlining the good

quantitative performance of the spectral reconstruction algorithm.

4.6 Measurement of iodine concentration and effective atomic
numbers

Quantification of iodine concentrations

The majorityE] of all of today’s CT studies involve contrast agents based on non-ionic iodine. The
average volumes administered to the patients amounts to 300 mgkg~! body weight per examination.
However, iodine-based contrast agents can also cause potentially harmful side-effects in patients in the
form of allergic reactions and acute renal failure [Nash2002l [Wang2008||. Therefore, the reduction of
administered iodine amount would be highly desirable from a clinical perspective. Exact quantification
of the contrast medium uptake in various tissues even for low concentrations can be a valuable help in
achieving this goal. For this purpose, the dual-layer spectral CT scanner offers the possibility to generate

iodine-maps where the presumed concentration of iodine in mg mL " is calculated for each voxel.

The phantom was equipped with different rods containing various known concentrations of iodine
embedded into a water-equivalent material, see table[d.1] For the quantification of voxels at the phantom
periphery, iodine samples have been added outside the phantom body to study eventual FOV-dependent
effects in the decomposition accuracy. To investigate any dependence on patient size, measurements have
been performed using the basic phantom (200 x 300 mm?) as well as using two extension rings (250 x
350mm?2, 300 x 400 mm?) to simulate larger patients. For both measurements of iodine concentration
and effective atomic numbers, the central axial slice from the spectral reconstruction was selected and
the values in a circular ROI were measured for each concentration. The individual values from the five

scan repetitions were averaged subsequently.

In figure the distribution of the measured values of iodine concentrations in the spectral reconstruc-
tion is shown. The nominal values in the range from 0.5 mgmL~! to 15.0 mg mL~! are marked by the

black dashed lines. Deviations of the measured values from the respective nominal values are typically

*approximately 85 %
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4.6 Measurement of iodine concentration and effective atomic numbers

in the order of 0.25 mgmL~"! or less. Slightly increased errors towards larger phantom sizes can be

observed for all concentrations.

The relative bias A, of the measured concentration values ¢, with respect to the true values ¢ was

determined according to

Ac = ; (4.3)

for all concentrations ¢ > 0 mgmL~!.

Figure [4.8] shows the relative bias of the measured iodine concentrations in dependence on the phantom
size, exposure level and the location of the ROI in the FOV. First it is noted that the relative bias in many
cases strongly exceeds a level of 10 % for smaller iodine concentrations < 1 mgmL~!. Since the abso-
lute deviation of measured concentrations from their true values peak at approximately 0.25 mg mL~!
(fig. A7), it is clear that exact quantification of iodine content becomes hard to achieve at such low con-
centrations. However, it needs to be noted that measurements in the background without the presence
of iodine consistently yield 0 mg mL ™. Therefore, the overall presence of iodine in concentrations of
> 0.5mgmL~! is feasible using the investigated dual-layer CT scanner. This finding constitutes an
important result by itself, since most other state-of-the-art dual-energy systems yield residual concentra-
tions of iodine in the background between 0.1 mgmL ! and 0.2 mg mL~! that might even extend into
negative concentrations [Li2015[], making a reliable detection of low iodine concentrations typically a

challenging task.

The dependency of the bias on the phantom size is investigated in table 4.2] Here, the root-mean-
squared (RMS) values of both the absolute concentration errors and the of the associated relative bias
were calculated. All iodine concentrations and exposure levels were averaged in the RMS values. An
increase corresponding to the phantom size is observed for both error measures. The relative bias

increases from 2.2 % in the small configuration to 5.7 % in the large phantom.

The observed bias increase towards larger phantom sizes corresponds well to other findings of patient

size-dependent iodine accuracy reported in the literature [Koonce2014| Marin20135]).
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4 Characterization of a state-of-the-art dual-energy spectral CT system

. RMS RMS

Phantom size .
abs. error rel. bias

S: 250 x 200mm? | 0.05mgmL~! 2.2 %

M: 300 x 350 mm? | 0.15mgmL ™! 5.0 %

L: 300 x 400 mm? | 0.27 mgmL~! 5.7 %

Table 4.2: Dependency of the iodine quantification RMS errors on the phantom size. The values
have been averaged over all exposure levels.
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4.6 Measurement of iodine concentration and effective atomic numbers
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Figure 4.7: Accuracy of measured iodine concentrations at different dose levels and phantom sizes.
Each panel shows the distribution of the measured values in the FOV’s center and periphery
around the nominal values (indicated by the dashed black lines). The largest differences
between measured and nominal values are in the order of 0.25 mgmL ™!,
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Figure 4.8: Relative bias of iodine quantification at different dose levels and phantom sizes. From
top to bottom, each panel shows the bias of the measured iodine concentration in the small,
medium and large phantom normalized to the respective nominal values according to equa-
tion For concentrations of 1 mgmL~"! and above, the relative bias is typically peaks at
around 5 % and is considerably smaller than that for most cases.
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4.6 Measurement of iodine concentration and effective atomic numbers

Quantification of effective atomic humbers

Effective atomic numbers Z¢ are used for the characterization of the radiation response of compound

materials containing multiple chemical elements. The most wide-spread definition of Z is given by

[Murty 19635, Bonnin2014]
Zesg = 200 > 12291,
‘ (4.4)

fi= n;Z;

where ¢ indicates each chemical element in the compound with its atomic number Z; while n; is
the number of atoms of each chemical element. Therefore, f; gives the relative amount of electrons
contributed by element 7. Zg can for example be calculated directly from a material decomposition

into photoelectric and Compton basis images. Using the definitions for the photoelectric and Compton

1
it = %] F@' (4.5)
p aC

Zegr was measured for the inserts equivalent to the materials water, liver, muscle, adipose tissue and

basis images, app and ac, one obtains

bone (200 mg mL~! HA). Todine was not included in the study since the exact elemental composition of
the samples could not be determined by the manufacturer. The values were measured in ROIs located in
the FOV center of the medium-sized phantom (350 x 250 mm?). Figure |4.9|shows the results obtained
from the scanner’s effective-Z map. The errorbars in the left panel correspond to the 3o - interval of
the five individual measurements at every x-ray exposure level. For all tissue surrogates except for the
adipose-like material the relative bias is in the range of 1 % or less. Therefore, a generally very good
quantitative performance of the spectral forward-model can be observed. Therefore, the larger errors in

the adipose sample can be explained by assuming small errors in the reported elemental composition.
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Relative bias / %

Insert Nominal 10 20 30
Zesr mGy | mGy | mGy
H,O 7.21 0.1 0.4 0.4
Liver 7.32 0.1 0.9 1.1
Muscle 7.31 0.4 0.6 0.6
Adipose 5.65 8.2 6.8 6.8
HA 200 9.76 0.4 0.6 0.8
I I I | |
10 B 10 mGy
3 20 mGy
B 30 mCy
8 = .
=]
s 6l i
~
&
)
N
4 - ]
2 - ]
0

H,O  Muscle

Figure 4.9: Quantitative accuracy of effective atomic numbers from different tissue surrogates at
the three investigated exposure levels. All relative bias values are in the range of 1 % or
less with the exception of adipose-like material. Backed by the high accuracy of the other
samples, the larger bias in this case indicates a potentially wrong assumption of the elemental

composition.

4.7 Discussion

During the investigation of the spectral imaging performance of the newly available dual-layer detector-
based spectral CT scanner, we have found a very good overall quantitative accuracy of the spectrally
derived images [Ehn2017]]. Especially the strongly increased CNR in VMIs towards lower energies
and the high accuracy in quantification of iodine concentrations within only a few percent of the true
values open up several new possibilities in clinical practice to reduce radiation exposure and improve

diagnostic accuracy [Pache2010), Takahashi2010, Bamberg201 1, [Yuan2012, McCollough2015]]. One

key advantage of the dual-layer concept is the detector-based acquisition of the spectral data. Therefore,
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4.7 Discussion

energy-resolved projections are nearly perfectly registered in the spatial and temporal domain, which is
not the case for any other commercially available dual-energy scanner at the moment.

Due to an effective reduction of basis material image noise, the noise in calculated VMIs can be kept
at a nearly constant value below the conventional reference value. Only towards lower energies a small
increase of the noise level is observed. A strong increase of CNR for some material pairs could be
obtained consequently, cf. section To the best of our knowledge, the discussed behavior of the CNR
in VMIs was first observed in this study. Until now, general literature on dual-energy imaging and CNR
curves of VMISs reports a global maximum at a distinct energy level which is unique for a specific pair
of contrasting materials [Yu2011) [Pomerantz2013]]. The observed CNR of the negative contrast features
in the phantom yields roughly flat energy-dependent curves that are also nearly parallel for all negative
features. Due to the generally reduced noise level in VMI the CNR of these features is higher compared
to the conventional image in a vast majority of measurements however the relative increase is much
smaller than found in the positive features. A possible explanation for this observation is that the negative
contrast features and the background all consist of the same basic material where different attenuation
is effectively due to varying mass densities of the features. This assumption was later confirmed by the
phantom’s manufacturer where different amounts of air inclusions are used to reduce the mass density
of negative features with respect to the background. For actually different materials a much stronger

CNR increase should be obtained similar to the analogous contrast features.

However, also the dual-layer scanner suffers from the basic limitations of a dual-energy system which
arise due to the simple modeling of x-ray attenuation using only two spectral basis functions. One
example of such limitations is the reduced accuracy of spectral HUs in low-energy VMIs, cf. section[4.5]
Especially for materials with higher atomic numbers such as calcium and iodine, coherent scattering
becomes increasingly important and might not be neglectable at lower energies. As a rough estimate
of the importance of this process, it should be noted that for iodine, the point of equality between
coherent and incoherent scattering lies approximately at 104 keV and therefore the coherent scattering
process dominates over the largest portion of the diagnostic energy window. Using three or more energy-
channels and material basis functions could therefore potentially improve the quantitative accuracy of
spectral CT images even further, especially towards lower energies. In this context, contrast agents form
a special group of materials. Their principle of operation is based on the high absorption of x-rays
thanks to k-edges present in the used energy range. Since k-edges would in principle also require a
dedicated spectral basis function, the quantification of iodine content in a dual-energy system relies on
the fact that the spectrum which arrives at the detector is sufficiently hard enough that the minimum
energies lie above the absorption edge. As this is not typically the case for clinical CT tube spectreﬂ the

additional absorption of x-rays by the patient is essential to achieve this constraint. Even then, numerical

SGiven an acceleration voltage of 120 kVp and a filtration with 4 — 5 mm Al
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corrections are often applied to compensate for the effects of lower energies in the vicinity of the k-edge
which can still be present for average of smaller patient sizes. This might also be a factor causing the
increased bias of iodine concentrations in larger object sizes. When the diameter of the attenuating
object becomes sufficiently large, virtually all photons next to the k-edge are eliminated from the x-ray
spectrum. In this case, the aforementioned spectral corrections would not be required anymore and

could in turn decrease the quantitative accuracy.

Given these limitations, the use of PCDs with a larger number of energy channels can overcome some
of the issues discussed so far. As an example, the possibility to distinguish two different contrast agents
from other body tissues typically requires at least four energy bins and would open up some new clinical
applications [Schlomka2008|, [Schirra2014, [Muenzel2016]. Last but not least, the exact measurement of
Poisson-distributed photon count numbers without electronic noise facilitated by PCDs will also help
to reduce radiation exposure and contrast media volumes further. Therefore, most of the remaining part

of this thesis will focus on the investigation of PCDs applied to spectral CT imaging.
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acquisition

In the previous chapter, some of the possible benefits of spectral imaging applied to the field of clinical
CT have been demonstrated for a dual-energy approach based on a dual-layer integrating detector.
The potential benefits promised by the use of PCDs can further improve image quality and add the
capability to discriminate more than two energy bins and materials. As briefly outlined in section
equal weighting of all photons and the wide dynamic range down to zero photons can contribute to
improved SNR is the images. Nevertheless, the higher amount of spectral information and the special
signal properties of PCD-based systems typically require specialized material decomposition techniques
and post-processing schemes with very active research in this area. Additionally, imperfections and
performance drifts in PCDs are substantially different from the behavior known from integrating devices
and therefore also need detailed investigation. Unfortunately, the commercial or academic availability
of PCDs is still limited today, especially when equipped with a high-Z sensor with a FOV suited for
x-ray imaging applications of larger objects at high energies. Therefore, the use of simulation studies in
developing new data processing methods and to study the implications of spectral distortions introduced
by the detector is still essential. In this context, a simple but nearly full-featured simulation framework
for spectral imaging tasks based on PCDs was developed for various research applications within the
Chair for Biomedical Physics. its basic structure will be presented in the next section followed by the

demonstration of some applications of the framework.

5.1 Structure of the simulation framework

The simulation package for PCDs is implemented in python-code. The class diagram of the package

showing the general structure of the framework with all its member variables and methods is given in
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5 A python framework for simulation of spectral photon-counting image acquisition

figure [5.1] The central component is the PcDetector class which implements all essential functions
and characteristics of the detector, e.g. the shape of the pixel matrix, the number and position of the used
energy thresholds (THLs) and information about the spectral response of the system. Besides the basic
variables responsible for the detector behavior and performance, it features methods that emulate the
basic functionality of a PCD detector, from which the most essential one is simulating images dependent

on a specific phantom and a source spectrum.

Additional information about the performance can be obtained by calculation of spectral separation or
the CRLB. A PcDetector object is further split into objects describing the properties of the x-ray
sensor through the XraySensor class and a module that controls the spectral response of the detector

thresholds using the EnergyResponse class.

The basic PcDetector object is created using the following lines of code:

from PCDSimulation import =
myDetector = PcDetector (shape=(64, 1536), energyResponse='ideal',
— thl=[20.] , thlSampling=1., thlDistributionSigma=0.,

— sensorMaterial='CdTe', sensorThickness=2.)

Listing 1: Creation of a PcDetector object.

The constructor in listing |1{ contains the most basic properties needed to determine the behavior of the

simulated detector:

— shape:

The number of lines and columns in the pixel matrix of the detector, expressed as python tuple.

— energyResponse:
The basic form of the energy response function.
Valid parameters are 'ideal', 'noise_escape' and 'realistic'. The properties of the

energy response functions are discussed in more detail later.

- thl:
A list with the positions of all used energy thresholds in keV.

— thlSampling:

The sampling of the spectral parameters such as energy response or quantum efficiency in keV.
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— thlDistributionSigma:
The standard deviation of the threshold distribution across individual detector pixels in keV.
Individual thresholds are Gaussian random variables centered around the values determined by

the thl parameter.

— sensorMaterial:

The material of the x-ray sensor. Available sensors are ' CdTe', 'GaAs' and 'Si'.

— sensorThickness:

The thickness of the x-ray sensor in mm.

Implementation of the spectral behavior

The spectral performance of the detector is primarily dominated by two components: The quantum

efficiency of the x-ray sensor and the energy response of the complete detector system.

According to section the quantum efficiency Q(F) describes the fractions of incident photons that

are absorbed in the sensor layer as function of energy. It can be calculated as

Q(E) =1 — ¢ Hs(Bds (5.1)

where ug(E) and dg are the sensor’s absorption coefficient and thickness.

The used detector’s energy response function R(E, E’) is implemented according to the model sug-
gested in [Schlomka2008|] and describes the fraction of incident photons with the energy E being
counted at a detector threshold E’. It contains terms for the primary photon peaks as well as possible

escape and fluorescence peaks and spectral distortions due to charge-sharing in the radiation sensor:

(B -E)? _ (B —Be—E)? _(B—E¢)?

R(E,E') = N(E) <e 22 fcee 208 dce 292 —|—B(E,E’)>. (5.2)

In this notation, F is the incident photon energy, E’ is the threshold energy at which the photon is finally
registered and N (FE) is a normalization constant used to preserve the incident flux at each energy. The

first term inside the brackets describes the primary photo-peak where the incident photons are registered
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exactly at the threshold corresponding to their energy. The photo-peaks have finite width dependent on
the detector electronics in the pre-amp and shaper and are therefore modeled as Gaussian with standard
deviation o. Additionally, escape and fluorescence peaks can be observed for high-Z sensor materials
which are described by the 2nd and 3rd terms. In here, E, denotes the average energy of a fluorescence
photon emitted by the sensor. For example in cadmium-telluride (CdTe) this is £, ~ 25keV. The
constants ¢, and c¢ control the intensities of escape and fluorescence events. Finally, charge-sharing is
modeled by a constant background contribution of B(FE, E’) which depends on the incident energy and

drops to zeros for E' > E.

The spectral bin sensitivity of a PCD which is used in equation [2.24] can be expressed by

Eit1
SZ(E) = / R(E,El)dE/, 1 =1...N, (5.3)

E;
using the detector’s spectral response function R(E, E’) introduced above.

Using this model, three pre-defined response types are available when creating a PcDetector object,
see figure[5.2}

— 'ideal"':
In this case, thresholds are modeled effectively as delta-distributions by setting ce = ¢ =
B(E,E’") = 0 and considering lim,_,o R(E, E’). Such a response would characterize an ideal

PCD that does not introduce spectral distortions of any kind to the incident spectrum.

— '"noise_escape':
This model acknowledges finite energy resolution of the thresholds and also features escape and
fluorescence events. However, no charge-sharing is assumed by setting B(E, E’) = 0. Such a

response function may be used to study PCDs with intrinsic charge-sharing correction.

— 'realistic':

Adds a finite charge-sharing term to the response function.

In the PcDetector implementation, the response is sampled at discrete energy intervals AE’ con-
trolled by the thl1Sampling variable. The bin sensitivity functions S(E) associated with these re-

sponse function models can then be obtained by a discrete sum of the energy response over the detector
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threshold:

By
S(E) =) Rpp - AE (5.4)
By,

In order to incorporate pulse pile-up effects, the total flux seen by each detector pixel must also be
known. Therefore, pile-up does not only depend on the incident spectrum and the threshold’s energy
response function but also depends strongly on the composition and spatial dimension of the sample that
is subject to the imaging application. As a consequence, correct treatment of pile-up must be performed
after simulation of spectral photon-counting data with a specific phantom and can for example be

realized by the use of so called pile-up matrices [RoessI2012].

Finally, the combination of the discussed effects allows the definition of effective spectra @ (E) that

are registered by a specific energy bin ¢ of the PCD:

Defr, i(E) = Qo(E)Q(E)Si(E), (5.5)

in which ®y(FE) is the incident spectrum emitted by the x-ray source, Q(E) describes the quantum

efficiency of the sensor and S;(E) the bin sensitivity determined according to equation
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Figure 5.1: Class diagram of the PCD simulation framework. The boxes inside the framework list
all classes used by the simulation. Following the UML standard, the sections below the class
names list all available public and private variables along with their datatype. In the last
section of each class, the implemented methods are listed with the datatype of their return
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PCDetector

XraySensor

+ shape : ndarray

+ thl : ndarray

+ thlSampling : float

+ thiDistributionSigma : float

+ sensor : XraySensor

+ response : EnergyResponse

# pixelwiseBinSensitivity : ndarray

+ sensorMaterial: string

+ sensorThickness : float

- __sensorDensity : const float
- __escapeEnergy : const float

+ __init__ () : PCDetector

+ setThlDistribution() : void

+ getThlDistribution() : ndarray

+ getBinSensitivity() : ndarray

# _calcThlDistribution() : ndarray
# _calcBinSensitivity() : ndarray
+ getlmage() : ndarray

+ showSpectralSeparation() : void
+ CRLB() : ndarray

+ __init__() : XraySensor
# _calculateQuantumEfficiency() : void
+ getQuantumEfficiency() : ndarray

R

EnergyResponse

+ form : string
# _res : ndarray

+ __init_ () : EnergyResponse

# _calcEnergyResponse() : ndarray
+ setEnergyResponse() : void

+ getEnergyResponse() : ndarray

TubeSource

+ anodeMaterial : string
+ kVp : float
+ mAs : float

+ beamFilterMaterial : string
+ beamFilterThickness : float
+ spectralSampling : float

# _spectralSampling : float

# _filter : ndarray

# _spectrum : ndarray

+ __init__() : TubeSource
+ setAnodeMaterial() : void
+ setFilter() : void

+ getSpectrum() : ndarray
+ showSpectrum() : void

values.




5.1 Structure of the simulation framework
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Figure 5.2: Available types of energy response function in the PCD simulation framework. The
three different types are identified by names that are given to the PcDetector object
constructor. The plots show the detector response to a beam of monochromatic photons with
an energy of 70keV.
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Implementation of an x-ray source

Basic simulations of emitted x-ray spectra can be carried out using the class TubeSource. It im-
plements the TASMIP and MASMIP algorithms [Boonel1997, Boonel1997a]. Therefore, tungsten (W)
and molybdenum (Mo) are available as anode materials. Additional filtration can be added using the
beamFilterMaterial and beamFilterThickness variables. The initial output of the TAS-
MIP algorithms is sampled at energy intervals of 1keV. To obtain a finer energy grid, the output is
linearly interpolated to an energy grid of AFE controlled by the spectralSampling variable. The
total flux is conserved during this step. The final output is a photon number spectrum of the form
W at a source-to-detector distance of 1 m. Geometrical parameters effecting the number
of photons per detector pixel, i.e. the pixel size and the specific source-to-detector distance, must be
regarded separately in the PcDetector simulation. Listing [2] shows the basic commands used to

generate a tungsten spectrum that is used in the simulations discussed in the subsequent sections.

# acquisition geometry:
SID = 1 # source-to-detector distance in meter

pixelSize = 0.1 # in mm

eSampling = 1.0 # spectral sampling of the energy domain in keV

E = np.arange (0., 150.+e_sampling, e_sampling)

t = tubeSource (spectralSampling=eSampling, kVp=120., mAs=5.,
— beamFilterMaterial='Al', beamFilterThickness=4.0)

s = t.getSpectrum()

# incorporate geometry:
s

x= (1./SID)**2 * pixelSizex«*2

Listing 2: Definition of the source properties for the presented simulations.

5.2 Applications to spectral imaging

Investigation of the spectral separation in the energy bins

In various sections throughout this thesis spectral distortions introduced by the PCD components, partic-

ularly the x-ray sensor and the readout ASIC, have been discussed (c.f. sections [3.3]and [5.)). Especially
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charge-sharing and pulse pile-up eftects but also the presence of escape/fluorescence peaks and finite
energy resolution of the detection thresholds may lead to considerable overlap between the x-ray spec-
tra that are effectively registered in each energy bin of a PCD. Additionally, the energy-dependent
quantum efficiency of the x-ray sensor also alters the spectrum seen by the detector compared to the
emitted spectrum, however does not introduce spectral overlapping between adjacent energy bins. The
PcDetector class also implements the functionality to investigate and plot the spectral separation
for a given combination of incident spectrum emitted by the source and a PCD detector with a specific

setting of energy bins.

The code in listing |3| was used to determine the bin sensitivity functions and the separation of the
effective spectra for a PCD with a 2 mm CdTe sensor and a realistic energy response function as defined
in figure In this study, a 120 kVp source spectrum was assumed and four THLs were equidistantly
distributed between 25 keV and 85 keV.

res = 'realistic'
dSens = 2.
thls=[25, 45, 65, 85]

det = PcDetector (energyResponse=res, thl=thls, thlSampling=eSampling,
s sensorThickness=dSens)

det .showSpectralSepapration (s, normalizeSpectra=False)

Listing 3: Calculation and plotting of the spectral separation of a given source-detector combination.

Figure shows the result of the calculation of bin sensitivities and effective spectra for the set-up
of listing [3] The first plots show the response of the detector to photons carrying the exact energy of
the THLs. From the energy response function, the bin sensitivity curves are calculated as defined in
equation [5.4] Considerable overlap between each of the four bins can already be appreciated in these
plots. Typically, each bin is extended towards energies higher than its upper threshold through the
combined effects of charge-sharing and escape photons. The energy level at which the escape photons’
energy becomes low enough to be registered in a specific bin can be seen as a slight step in the high
energy tails of the sensitivity curves. Within the energy window defined by the thresholds which are
associated with each bin, the curves exhibit a decreased sensitivity towards lower energies. This behavior
is also due to fluorescence emission where now the energy of the escape photon is smaller than the
lower threshold. The finite width of the photo-peaks can directly be seen at the energy bin boundaries

where it leads to a blurring of the thresholds.
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Comparing the effective energy spectra that result from these bin sensitivities, one immediately finds
the spectral overlap between the bins. As indicated by the sensitivity functions, the overlap is especially
pronounced in lower bins that are extend towards higher energies. This observation is significant for
PCD-based systems suffering from charge-sharing and escape photons. In contrast, the lower energy
channel in dual-source based CT measurements is typically well delimited by the cut-off energy at the
respective acceleration voltage limit while the high energy bin reaches towards low-energy potions of
the spectrum. Furthermore, the effective spectra in figure [5.3] show large differences in their overall
intensities. This might lead to problems in material decomposition applications, especially since the

presence of any sample will shift the spectra additionally.

This implies that the optimal choice of energy bins is highly task-dependent and the equidistant spacing
of THLs discussed here is commonly not well-suited for spectral imaging tasks. Therefore, a procedure

to optimize the position of energy bins will be discussed in the following section.
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Figure 5.3: Spectral separation simulated for a detector with realistic energy response function.
In this case, the incident spectrum coming from a W anode was characterized by a 120kV
acceleration voltage and 4 mm Al filtration. The PCD had four energy thresholds which
were equidistantly spaced and marked by the vertical dashed lines. Note that both the bin
sensitivities and effective spectra seen by the detector exhibit a considerable overlap at the
energy bins boundaries.
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Determination of optimal location for energy thresholds

According to the equations presented in section [2.3] material decomposition in spectral x-ray imaging
can be treated as parameter estimation problem. During parameter estimation of statistical distributions
using a limited sample collective, statistical errors in the used sample collective will propagate into the
values of the estimate. Therefore, the estimated parameter will also be distributed with a variance that
depends on the input data. For unbiased estimators there exists a theoretical lower limit for the variance
of the estimated variable which is described by the CRLB, equation Applied to spectral x-ray
imaging, the use of the CRLB was suggested in the literature as a measure of basis material noise in the
decomposition [Roessl2006]. Optimal spectral separation by a proper choice of THLs will result in a
minimized CRLB. Thereby, the CRLB depends on the incident spectrum, the spectral characteristics of

the used detector system and also significantly changes for various object compositions and sizes.

The PcDetector class offers a basic algorithm that uses the CRLB to optimize the number and
positions of thresholds for a PCD. First, an incident x-ray spectrum needs to be selected. Then, a choice
of spectral basis functions is made and the magnitude of the line-integrals is set to the values that
are relevant for the imaging application. Then, the algorithm iterates over possible combinations of
threshold settings and calculates the CRLB for the defined line-integrals. Since the CRLB is equal to
the variance of the line-integrals it can vary by several orders of magnitude between different basis
materials, especially when using a photoelectric effect and Compton effect basis. Therefore, the average

of the relative basis material noise is calculated in each threshold configuration:

CRLB.. — <VCRLB> ,
A

a

(5.6)
a€ A.

In this notation, A is the complete set of basis material line-integrals that are of interest for the specific
imaging task and (- - - ) 4 denotes the average over all discrete values a € A. The changes in order of

magnitudes are mitigated by taking the square root of the CRLB and normalizing to the line-integral val-

ues. The remaining task is to optimize CRLB, ¢ with respect to the set of all possible energy thresholds
thl of the detector:

THLopt = arg min CRLB. (5.7)
thl
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Since the square root of the variance is the standard deviation, the relative CRLB from equation [5.6]
corresponds directly to the observed SNR in basis material images. Equation [5.7] therefore maximizes
the SNR.

Listing [4| shows the code for the PcDetector framework used to optimize a two-bin PCD imaging
system. The chosen range of line-integrals spans a range of 5 — 30 cm PMMA and 2 — 8 cm PVC which
are then converted to values in a photoelectric effect / Comptpon effect basis. For reasons of simplicity
and to underline the general approach used by the framework, the lower threshold is kept fixed at 20 keV
where only the higher threshold is varied.

res = 'realistic'

# Basis material calibration range:

dPmmaCal = np.linspace(5.,30., 5, True) [:,np.newaxis]
dPvcCal = np.linspace(2., 8., 5, True)[:,np.newaxis]
linelIntegrals = np.array([calc_A_PC(d_pmma_cal,

— d_pvc_cal)]) .reshape((2,)+d_pvc_cal.shape) .round(2)

f = np.array([f_ph(E), f_c(E)])

th0 = 20.

crlb = []

TH = [

for thl in np.arange (th0+10., 101., 1.):
TH.append ([thO0,thl])
det = PcDetector (energyResponse=res, thl=[th0, thl],

— thlSampling=eSampling, sensorThickness=dSens)

crlb.append((np.sgrt (det.CRLB(s, linelIntegrals,

— f))/lineIntegrals) .mean (axis=(1,2)))

Listing 4: Example of CRLB calculation for a specific range of basis material line-integrals in a two-bin
PCD system. The lower threshold is fixed at 20 keV while the upper threshold is varied.

Therefore, the resulting values of CRLB,, represent a function that only depends on the high threshold.
These curves are plotted in figure [5.4] for the two spectral basis functions. An ideal energy response and
a realistic one with charge-sharing and escape are investigated separately. On each of the curves the
cross sign marks the position of the optimal upper threshold. To achieve optimal spectral separation, the
required position of the upper THL changes from 68 keV to 73 keV. Overall, a trend towards larger basis
material noise is observed for the realistic response function which is generally true for PCDs affected

by charge-sharing and other spectral distortions. The spectral overlap in these cases is significantly
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Figure 5.4: Determination of optimal energy threshold location using the CRLB. The graphs show
the minimum statistical noise to be expected over the complete range of basis material line-
integrals for an ideal and a realistic energy response function. For simplicity, a PCD system
with two thresholds was considered in this case where the location of lower threshold was
fixed at 20 keV. In both basis materials and response functions, the optimal position of the
upper thresholds is marked by the cross along the curves. This example directly shows that
the optimal choice of energy bins strongly depends on the behavior of the imaging system.

greater than in idealized cases, leading to a larger amount of statistical noise in the basis material images.
Only when the upper thresholds approaches the lower one and the width of the energy bin becomes
very narrow, charge sharing seems to improve the noise performance. This result can be explained by
noticing that for the chosen magnitude of line-integrals, almost no primary photons will be left in the
low energy bin and therefore an ideal detector will have virtually no spectral information to perform
the decomposition and the basis material noise rises quickly. With charge-sharing present, the counting
statistic in the low bin is considerably larger since some of the high-energy photons are registered in
the low bin. In such extreme cases, better counting statistic can outweigh poor spectral separation and

result in reduced basis material noise.

During the further course of this thesis, this approach has been used several times to optimize the settings
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for both simulation as well as experimental studies. Since the details of the performed simulations and
the available experimental set-ups vary strongly, the appropriate parameters and results of the threshold

optimization will be discussed briefly in the sections where they have been performed.

Simulation of PCD images using digital phantoms

Besides a model for the spectral response of PCDs and its application to optimizing spectral separation,
the simulation framework also needs to implement functionality to obtain photon-count images of digital
phantoms. This feature is realized by the get Image method of the PcDetector class. Figure [5.5]
shows a flow chart of the get Image method to outline the basic principle how the photon-count image
data is simulated within the presented framework. Prior to calling get Image, the line-integrals for each
basis material contained in the phantom have to be calculated for each pixel of the virtual PCD. This
can be done for instance using a 3D phantom and a tomographic forward projection to simulate a CT
acquisition. The first step of the image simulation is then to calculate the energy-dependent transmission
of x-rays through the phantom on a pixel-by-pixel basis using the supplied set of spectral basis materials
and line-integrals. The following steps are performed for each energy bin of the PcDetector object
separately. Using the source spectrum together with the bin sensitivity function the effective spectra are
calculated as explained in section

Applying the pixelwise transmission values to the effective spectra and summing over all energies
contained in the spectrum, the expectation value of the photon counts is obtained for each pixel. In the
case of a PCD, summing is valid to calculate the expected signal strength since every photon registered
by the detector is equally weighted due to the energy discrimination process (c.f. section[3.2.2). The last
step consists of drawing a Poisson random variable for each pixel using the expectation value for each
pixel. Note that other systematic effects (threshold distribution, drift, ...) that result in different photon

count numbers per pixel are regarded by the pixel-specific bin sensitivity function.

Following this recipe, the two most striking features of PCDs are implemented by the simulation frame-
work, namely equal weighting of all photon within an energy bin regardless of their energy and a Poisson

noise distribution.

Sample code for the simulation of images using a human radiographic thorax phantom is shown in
listing [5] The parameters for the source spectrum are the same as defined under listing [2] The sample
application compares images obtained with a detector having an uniform threshold distribution over the

complete pixel matrix compared to a finite distribution around a mean value of 40 keV. Both detectors
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Start getlmage()
Bas%s Calculate pixelwise transmission ) Line-
materials integrals
. Source
For each bin:
spectrum

[ Calculate expectation }_[ Calculate eff. spectrum }

values of counts

Return expec- yes :
. — Return spectral images
tation values?

no

Draw Poisson .
. Return spectral images
random variable

Figure 5.5: Flow chart of the get Image method from the simulation framework. In a first step,
the energy-dependent transmission of the phantom is calculated using the user-supplied
basis-materials and line-integrals. Subsequently, an effective spectrum is calculated for each
energy bin using the assumed source spectrum and the detector’s spectral properties. Com-
bination of the effective spectra and transmission values according to eq.[2.24] yields expec-
tation values for the spectral counts in each pixel. To facilitate Monte-Carlo simulations,
Poisson random variables may be drawn and returned using these expectation values.

are assumed to be subject to charge-sharing and escape photons. Besides the number of counts in the

presence of the phantom, flat-field images to normalize the data are also simulated.

Figure [5.6] shows the negative logarithm of the simulated images after flat-field correction. Increased
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5.2 Applications to spectral imaging

f = np.array([mu_bone, mu_tissuel]) # spectral basis functions

A = chest_phantom() # basis material line-integrals

AQ0 = np.zeros_like(A) # zero-valued line-integrals for flat-fields
det = PcDetector (shape=A[0].shape, energyResponse='realistic',

— sensorThickness=2., thl=np.array([40.,]), thlDistributionSigma=0.,

— thlSampling=eSampling)

cts_ref = det.getImage(s, A, f)[:,:,0] # counts registered with phantom
ff_ref = det.getImage(s, A0, £f)[:,:,0] # counts registered in flat-fields
img_ref = -np.log(cts_ref.astype (np.float)/ff_ref)

det = PcDetector (shape=A[0].shape, energyResponse='realistic',
— sensorThickness=2., thl=np.array([40.,]), thlDistributionSigma=10.,
— thlSampling=eSampling)

cts = det.getImage(s, A, f£f)[:,:,0]
ff = det.getImage(s, A0, £f)[:,:,0]
img = -np.log(cts.astype (np.float) /ff)

Listing 5: Simulation of PCD images using a pre-defined description of the phantom line-integrals
and a PcDetector object. The code generates photon counts for both flat-field and object
measurements.

image noise can be observed in (B). This observation is typical for PCDs with a finite threshold distri-
bution. Different to energy-integrating detectors, the varying thresholds lead to additional changes in
the effective spectra detected by each pixel. These variations can be interpreted as different absorption
caused by the sample and therefore different intensity would be obtained in each pixel even with a
perfectly homogeneous sample. Since normally no energy thresholding exists in energy-integrating
detectors, every pixel sees the same spectrum in the flat-field. In such detectors inter-pixel differences
in the detector signal mainly arise due to gain variations of the ADC. Therefore, a single ﬂat—ﬁelcﬂ is
usually enough when using integrating detectors to compensate these effects and results in uniform

images.

When operating PCDs, a simple flat-field correction typically yields sub-optimal results. Different
effective spectra in the flat field and the object image are not accounted for in this way and often result
in pronounced systematic signal differences between pixels. This manifests itself e.g. in strong rings

artifacts after CT reconstruction. Hence, several approaches to compensate the threshold distribution in

! Also called ’gain-correction’. This approach is only exactly valid in the linear regime of the dose-response curve.

69



5 A python framework for simulation of spectral photon-counting image acquisition
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Figure 5.6: Simulated PCD images of a thorax radiography phantom. Image (A) shows the thorax
phantom obtained with a strictly uniform energy threshold of 40 keV across all pixels. Thus,
the noise in the image is exclusively due to the Poisson distribution of the registered photons.
In contrast, (B) shows the impact of a spatially varying threshold distribution across the
detector pixels. Therefore, each pixel effectively sees a slightly different spectrum resulting
in additional noise contributions.

PCD-based imaging applications have been suggested and investigated in the literature [Jakubek2007!
Vavrik201 1} [Persson2012]]. Another elegant way to tackle this problem is making use of spectral material
decomposition on a pixel-by-pixel basis. This approach will be discussed in the following chapters.
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6 Development of a semi-empirical
forward-model for material decomposition
using spectral photon-counting data

In chapter 2] the basic physical principles and methods of spectral x-ray imaging have been introduced.
Especially if the emitted source spectrum and the energy response of the detector are well known,
decomposition into an arbitrary set of spectral basis materials is possible. The number and choice of
basis materials is then only limited by the available number of energy bins on the PCD. However,
measurements of spectral characteristics are typically very cumbersome and time-consuming. Even
further, the behavior of the x-ray source and the detector system are subject to change over time due
to external influences like temperature or aging of the device components. Therefore, these quantities
need to be measured again periodically. Especially for medical applications in clinical routine, periodic

re-calibration of the complete imaging system becomes a very challenging task.

A set of empirical methods has been developed to circumvent the requirement of exact knowledge of
all spectral quantities. The two most widely used and investigated methods relying on experimental
calibration measurements are discussed in section [2.3]of the theory part. Drawbacks of these methods
comprise an excessive amount of noise in basis material images when used in over-determined system
or a huge amount of required calibration measurementsﬂ Accordingly, an estimator for the basis mate-
rial composition of the investigated object should be compatible to MLE-based methods to guarantee

optimal noise performance and should require a minimum of calibration effort.

During this thesis, a new spectral forward-model based on a simplified yet accurate model for the ex-
pected number of photon counts in the presence of beam-hardening was developed and implemented
within a MLE [Ehn2017]]. The goal was to develop a semi-empirical forward-model based on physical

model of x-ray attenuation to minimize calibration efforts to a small number of calibration measure-

!'Using polynomial-based methods with a larger number of energy bins than basis materials.
*For the so-called A-table method, this often amounts to more than 1000 measurements per calibration.
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6 Development of a semi-empirical forward-model for material decomposition

mentf] that can be used on a regular basis in research set-ups as well as in a clinical environment.
Pre-clinical research and material science can also benefit as the operating parameters (e.g. tube volt-
age/loading, geometry, ...) are varied a lot between different studies and therefore a fast and reliable
calibration of the systems is necessary. The following sections will first describe the general concept of
the forward-model and then investigate the performance of the estimator in a two-material decomposi-
tion with respect to its bias and variance. Simulations of a CT acquisition of a human phantom will also

be shown.

6.1 Derivation of the Polychromatic Beer-Lambert forward-model

With knowledge of all spectral parameters, the exact number of photon counts transmitted through a
sample of known composition and registered in energy bin ¢ can be calculated from equation In
case of a polychromatic spectrum, attempts are often made to define a mean energy E; describing the

absorption in a specific measurement:

[ ®esr, i(E)EAE

B =2 . i=1..N. 6.1)
[ ®egp. i(E)E
0

For small object sizesﬂ and high energies, the logarithm of the number of photon counts C; approximately

shows linear dependency on the basis material line-integrals A,,:

InC; ~ Zfa(E)Aa, i=1..N. 6.2)

This can be written as the well-known Beer-Lambert law for x-ray attenuation considering the limit
of a monochromatic beam. When the object size becomes smaller and the x-ray spectrum broadens
especially with the presence of low energies in the primary beam, deviations from the linear behavior of
In(C;) become more prominent and equation no longer holds true. The non-linearities give rise to
beam-hardening effects in radiography and especially in CT. Unfortunately, a fully analytic treatment

of this process is difficult to accomplish. In the available literature on beam-hardening it was shown

3Typically requiring considerably less than 100 measurements
*Or more general for objects with low x-ray absorption in the relevant part of the spectrum
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that the attenuation properties of the sample can be described by the sum of two separate exponential
functions [VandeCasteele2002, |Alles2007]] with a modified Beer-Lambert expression of the form

Ci ~ Ae Ml 4 Be~Hid j =1 N, (6.3)

where A, B are constants to describe the photon flux, d denotes the basis-material line-integrals, p;
describes the attenuation in the near-linear regime (cf. eq.[6.2) and fi; is a correction that incorporates
beam-hardening occurring in energy bin 4. Incorporating this approach, we presented an estimator in
[Ehn2017]] that uses a series of multiple exponential terms with correction coefficients for each spectral

basis material.

Further generalizing this idea, instead of using a single mean energy [;, it is possible to describe the
polychromatic spectrum as discrete sum of a finite and small number K of dominant energies EZ k

rather than a continuous function of photon energy:

K
T, i(E) = > @i 1 0(E—E; ), i =1...N, (6.4)
k=1

where §(E) is the Dirac J-distribution and ®; j, is the intensity attributed to each of the dominant energy
levels. The quantity ®; ; needs to be chosen in a way that conserves the total photon flux arriving at the
detector. Inserting a spectrum of this form into equation [2.24 we obtain the proposed forward-model for

the number of photon counts C; in each energy bin ¢:

K
Ci=Y i - e TamAefalBin) j =1 N, (6.5)
k=1

where A, is the line-integral of the coefficient of basis material o and f, is the associated basis function.
Depending on the sample size and composition as well as on the incident x-ray beam quality, usually
a small number of K < 4 energy terms can be chosen. Only for very strongly attenuating objects
which might also contain high-Z elements, a larger number of terms in the equations [6.4] and [6.5] needs
to be regarded. The relation between K and the achieved quantitative accuracy of the forward-model

predicting the number of recorded photon counts will be investigated in a later section.
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6 Development of a semi-empirical forward-model for material decomposition

The system parameters for each energy bin ¢ are contained int the set p; = {®; 1, EZ 1} consisting
of a number s = 2 K elements. Since s < 10 is valid in most cases, the forward-model can easily be
calibrated with the use of simple phantom measurements. A calibration procedure for the decomposition

into a photoelectric effect and Compton scattering basis will be discussed in the following section.

For the remainder of this thesis we will refer to model [6.5] as the PLB approximation. It has already
been summarized in section[2.3|how a forward-model of this type can be numerically inverted by means
of a MLE in order to yield the basis material line-integrals. Therefore the number of available energy

bins must be at least equal to or greater than the number of basis materials, i.e. N > M.

6.2 Calibration of system parameters for decomposition into
photoelectric and Compton basis

At least s calibration measurements are needed to calibrate the system parameters in the model function
prior to basis material decomposition. In principle, any combination of basis materials may be chosen
as long as they are linearly independent [Lehmann1981]). In the absence of heavy elements for example
in body tissues without contrast agents, a set of two basis functions is mostly sufficient to describe the
measured attenuation. In principle, the dimensionality of the attenuation basis would be 3 even for such
cases where absorption edges can be neglected since three interaction processes have to be accounted
fmﬂ However, in almost all clinical applications with the exception of mammography and many NDT
applications, the x-ray spectrum is pre-filtered to contain only energies above 30 keV to reduce radiation
exposure and minimize beam-hardening artifacts. At these energy levels the contribution of coherent
scattering to the total attenuation can be mostly be neglected as a two-material basis is capable of
parameterizing the attenuation with sufficient accuracyﬁ For a two-material decomposition, common
choices for the basis are either a combination of distinct materials, e.g. acrylic plastic (PMMA) and alu-
minum (Al) to mimic the absorption of soft tissue and bone respectively [Lehmann1981l [Alvarez2011],
or direct decomposition into contributions due to photoelectric absorption and Compton scattering
[Roess12007, [Schlomka2008]].

Besides being the natural basis from a physical point-of-view, the photoelectric/Compton basis is con-
sidered relevant as it enables direct quantitative evaluation of the object’s composition in the form of

electron density and effective atomic number. In medial applications this information can be used to

SPhotoelectric absorption, incoherent (Compton) scattering and coherent (Rayleigh) scattering, cf. section
The accuracy is acceptable when the effects of noise inherent to all x-ray imaging applications outweigh the model bias.
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6.2 Calibration of system parameters for decomposition into photoelectric and Compton basis

characterize different pathological processes such as kidney stones or atherosclerotic plaque, perform
lung perfusion tests and is also important in planning of radiation treatment. Besides that, any other
material basis of interest can easily be derived from these values. We will therefore focus on how a
direct decomposition into these two basis functions can be accomplished using the PLB model. This

can be achieved using a calibration procedure that is routinely practicable in a clinical environment.

Most conveniently, calibration is done using polymer materials of exactly known elemental composition
and mass density such as PMMA and PVC as reference materials. Therefore, the line-integrals of the

photoelectric and Compton coefficients can be calculated as

AE = N pada,

a

A =Y Cpu N (2813 poda, (6.6)

a = PMMA, PVC,

where p,, and d,, are the mass density and thickness of material . In fig. (a), the black dots show a

calibration scheme with 10 x 10 steps using PMMA from 0...35 cm and PVC from 0...5 cm. After the

transformation of these points into their photoelectric and Compton coefficients according to eq. [6.6]
cal

the appropriate values AZ" and A‘I;aﬁ used to calibrate the system parameters in eq. are obtained as
indicated by the black dots in fig.[6.1] (b).

To perform the calibration of bin 7, the NLL function in eq. is rearranged to become a function
of the system parameters p;. Subsequently, the parameters were determined using a MLE. In order
to increase numerical stability in the determination of p; and to assure physically plausible solutions,

several constraints on the p; were incorporated to regularize the cost functions:

A~

Ei,k >0
®; >0

. (6.7)

Z(I)i,k = ¢i(Apn = 0,Ac =0)
k=1

The first constraint makes sure that the model assumes reasonable energies, while the last two conditions

conserve the incident photon flux.
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Figure 6.1: Position and distribution of the line-integrals used for calibration and evaluation of
the material decomposition performance. Calibration points used to determine the system
parameters of the PLB equation[6.5]are marked by red dots. The performance of the material
decomposition was tested for line-integrals marked by the crosses that do not coincide with
calibration data. A calibration with 10 x 10 steps of PMMA from 0...35 cm and PVC from
0...5 cm is shown in the left panel. To enable direct Photoeffect/Compton decomposition,
the calibration points are transformed using eq. @ as indicated in the right panel.

6.3 Performance evaluation of the forward-model

The performance of the proposed PLB forward-model was evaluated using Monte-Carlo simulations of

calibration measurements and CT acquisitions based on the PCD simulation framework introduced in
chapter[5

The quantum efficiency of the PCD was modeled by the absorption of a 2 mm CdTe sensor. A realistic

energy response function (cf. section [5.1)) including spectral distortions due to charge-sharing, escape

photons and finite energy resolution was used. Gain and offset dispersion across the pixel matrix were

neglected since the typically used performance metrics such as the CRLB depend on the effective spec-

trum and thus can not be evaluated for spatially varying THLs. The CRLB was also used to determine

the optimal arrangement of the energy bins as outlined in section[5.2] Therefore, all line-integrals located

76



6.3 Performance evaluation of the forward-model

on the yellow grid in figure 6.1 were used and the thresholds were varied in order to find the optimal
arrangement minimizing the CRLB. A 120 kVp tungsten spectrum with additional filtration of 2 mm

Cu was assumed. The obtained settings for a two-bin and a four-bin PCD are given in table[6.1]
2-bin PCD 4-bin PCD

THL1 | THL2 || THL1 | THL2 | THL3 | THL 4
15keV | 66keV || 15keV | 52keV | 64keV | T9keV

Table 6.1: Optimal energy threshold settings for the simulated acquisitions in a two-bin (left part)
and four-bin (right part) PCD.

Monte-Carlo-type simulations were realized by calculating a Poisson random variable for the recorded
number of photons hitting the virtual PCD detector. Scattered radiation produced by the phantom was

neglected for the quantitative evaluation of the forward-model itself.

In this section a base-line for the quantitative performance of the proposed estimator is established. We
will first focus on the photon count numbers predicted by the PLB forward-model and then investigate
the quantitative accuracy of basis material decomposition based on the PLB approximation. This section

will be concluded by presenting simulations of spectral CT acquisitions of a clinical phantom.

Accuracy evaluation of the polychromatic Beer-Lambert model

In a first step, the quantitative accuracy of the PLB forward-model itself is investigated. This was done
simulating the attenuation of soft tissue with a composition as defined in report number 44 of the ICRU.
Using the PCD simulation tools, photon counts after transmission through up to 40 cm of soft tissue
were simulated as reference values to benchmark the forward-model. The parameters for the assumed
x-ray tube are summarized in table[6.2] A single energy threshold located at 15 keV was assumed since
beam-hardening effects are to be expected especially for spectra covering a wide energy range. Such

effects typically lead to deviations from the linear behavior of the counts on a logarithmic scale.

Anode ‘ Peak Energy ‘ Filter ‘ Total flux
W ‘ 120kVp ‘ 0.2mm Cu ‘ 1 x 10° photons/pixel /exposure

Table 6.2: Imaging parameters used for quantifying the estimator performance

The expected number of counts predicted by the PLB model was calculated according to eq. [6.5] with
different numbers K of exponential terms. For K = 1 the PLB equation reduces simply to Beer-
Lambert’s law which is also included in the evaluation. The accuracy of the proposed forward-model

was quantified using the relative bias of the predictions normalized to the simulated reference values:
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GT—C'
i )

Rel. bias = , (6.8)

i
GT
Ci

where CZ-G T is the ground-truth for the number of photon counts as defined by equation in section
2.3l

Figure[6.2]shows that the developed PLB forward-model is able to predict the expected number of photon
counts within an accuracy in the order of 0.1 % even for larger object sizes where beam-hardening effects
become more prominent. A simple monochromatic Beer-Lambert model would lead to deviations of
up to 30 % in the investigated scenario. Towards smaller values of the line-integrals, the bias decreases
further and is at a minimum when no object is in the beam. This is also a result of the regularization

incorporated into the fit of the system parameters according to equation|[6.7]

Acceptable results with accuracy better than 1 % are already obtained using only two exponential terms.
However, due to spectral distortions like charge-sharing and pile-up the effective spectra measured by
each energy bin will eventually cover the complete energy range emitted by the x-ray source. For such
cases, the accuracy can be largely increased by taking more energy terms into account as indicated by
the curves in right panel of figure [6.2] In turn, to guarantee numerical stability of the fitting process
and to minimize the required number of calibration measurements it is beneficial to keep the number of
terms in the PLB model as low as reasonably possible. For this scenario, K = 3 terms were therefore
selected and all subsequent simulation studies presented in this chapter have been performed using this

setting.
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Figure 6.2: Quantitative accuracy of the PLB forward-model predicting the transmission of pho-
tons through soft tissue (ICRU44). In the left panel the ground truth for the photon counts
according to eq.[2.24]is shown by black dots along with the expected numbers using the pro-
posed model with varying numbers of exponential terms. The right panel shows the relative
bias calculated via eq. [6.8] The proposed model is capable of predicting the photon count
numbers in the presence of beam-hardening with a deviation of less than 0.1 % from the
expected value. A number of K = 3 energy terms is usually sufficient to achieve this high
accuracy.

Bias and noise performance in PLB-based material decomposition

The quantitative accuracy of a material decomposition into a photoelectric effect / Compton scattering
basis obtained by combining the PLB forward-model with a MLE-based determination of basis material
line-integrals was investigated under a realistic imaging scenario. Thereby, simulated measurements of
line-integrals corresponding to the data points marked by the yellow grid in figure [6.1] were obtained
and decomposed. Prior to decomposition, the model was calibrated using simulated calibration mea-
surements covering a range of 0 cm to 35 cm PMMA and 0 cm to 5 cm PVC with different number of
calibration steps per material as discussed below. The line-integrals used during the calibration pro-

cess and the decomposition were deliberately chosen not to coincide with each other. Besides that, the
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evaluation range in the photoelectric / Compton space was extended slightly with respect to the initial
calibration range to assess the extrapolation properties of the PLB model. For the incident spectrum
the same values given in table [6.2] have been used where only the total photon flux was increased to

1 x 106 photons/pixel /exposure.

Statistical information about the MLE performance was obtained by simulating and decomposing each
point 1 x 10 times. From this set of measurements the relative bias and the variance were calculated.

In this case the relative bias was defined as

(ApLB) — Ao

AL ; (6.9)

Rel. bias = '

with the mean decomposition result (Apyg) yielded by the PLB estimator over the 10 x 10* trials and

the true values A,,.

One of the most important assets of the PLB forward-model is the small number of calibration measure-
ments required. Therefore, figure [6.3|investigates the quantitative performance of the proposed method
calibrated with only nine (3 x 3) measurements of known basis material line-integrals. A typical scenario
of a four-bin PCD was considered. The x-axis indicated the position of each line-integral in the A-plane
shown in figure[6.1] The PMMA components of the decomposed samples repeat with a period of ten
measurements, while the PVC component was kept constant for each series of 10 points and increased
consecutively. The detector images were simulated with the given PVC/PMMA composition and the
decomposition into photoeffect/Compton components was done subsequently. The curves for the bias
demonstrate that the bias for both materials does only slightly exceed 0.1 % of the true values. This is
also true for line-integrals that lie outside of the initial calibration range. The statistical noise introduced
during the decomposition exceeds the bias nearly throughout the complete range of line-integrals. For
larger line-integrals, the bias is smaller by at least one order of magnitude compared to the noise. Note
that the statistical noise also behaves according to the CRLB as expected for an asymptotically unbiased
MLE-based estimator. This observation is also in good agreement with the results published for other
MLE-based decomposition methods [Roessl2009, |Alvarez2011]].

The small-scale oscillations seen in the bias can be understood when compared to the root-mean-squared
error of the photon counts predicted by the forward-model (figure [6.3] black dashed line). The local
minima and maxima seen in the bias curves tend to follow the inaccuracies of the predicted photon
counts which are propagated into the decomposed basis-material line-integrals. However, even the

largest fluctuations that are observed are only in the order of 0.1 % and can therefore safely be neglected
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Figure 6.3: Relative bias and variance of the PLB estimator calibrated with 9 measurements and
four PCD energy bins. Even for this small number of calibration measurements, the maxi-
mum bias observed in the photoelectric component is only slightly above 0.1 %. Compared
to this, the influence of the statistical error produced by the estimator is approximately one
order of magnitude larger. The statistical error here refers to the FWHM of noise in ba-
sis material images as predicted by the CRLB. Note that the small-scale fluctuations of
the bias correspond to the accuracy of the photon count numbers obtained from the PLB
forward-model (black dashed line, averaged over all four energy bins).

for any practical application. Hence, these considerations show that the developed PLB model yields an

effectively unbiased and efficient estimator already for a very small number of calibration points.

Figure [6.4] compares the performance of PLB-based material decomposition in various imaging scenar-
ios regarding the number of calibration measurements and the available energy bins of the PCD. The
plot in (A) compares the RMS bias over all line-integrals on the evaluation grid after calibration with an
increasing number of measurements. First, the bias of the photoelectric component lies constantly above
the corresponding value for the Compton component. This might be explained in part by the fact that the
assumption of a two-material basis is an approximation and is only valid when coherent scattering can
be completely neglected (c.f. section . Strictly speaking this assumption is not completely fulfilled
considering than e. g. in the case of PMMA, the ration between coherent and incoherent scattering is

approximately 1/5 at an x-ray energy of 40 keV and shifts towards the coherent part when considering
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Figure 6.4: Bias, variance and CRLB in PLB-based two-material decomposition. (A) shows the
bias of both basis material images in dependency on the number of calibration measurements
in a four-bin system. Generally, the bias is considerably below 1% for all investigated
cases. Only small improvements are observed for the photoelectric component when the
number of calibration points increases. (B) shows the obtained RMS noise averaged over
the complete range of investigated line-integrals for different numbers of available energy
bins. The forward-model was calibrated with 5 x 5 steps. In all scenarios, the noise in the
PLB estimator achieves the CRLB limit. Note that the values of the bias are significantly
lower than the statistical noise.

lower energies or higher chemical elements present in PVC. In such cases, the exponent in the energy
dependency of the photoelectric effect can be tuned to include the behavior of coherent scatterinﬂ
However, as discussed above the bias is still at a reasonably low level in the order of 0.1 % even in
the case of the photoelectric basis function. No clear trend can be observed for the bias values when
increasing the number of calibration measurements. Both curves show fluctuations in the regions of
0.01 % — 0.03 %. Since these values are significantly low, this behavior might well be an artificial effect
of a statistical bias when the size of the sample set (10%) was not large enough yielding a slightly false
estimate for the RMS bias.

"The value of —3.2 typically stated for the exponent is chosen to fit the photoelectric part only and results in slightly biased
parameterization of x-ray attenuation in presence of Rayleigh scattering.
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6.3 Performance evaluation of the forward-model

In part (B) of figure[6.4] we present the dependency of statistical noise in basis material images on the
number of available energy bins and a calibration using a medium number of 5 x 5 measurements. The
statistical error here refers to the FWHM of noise measured in the basis material images. Additionally,
the dashed lines mark the theoretical limit as predicted by the CRLB. The obtained measurements of
the noise are essentially equal to the CRLB indicating again that the used estimator is in fact unbiased
and effective. The magnitude of noise is only reduced slightly by increasing the number of energy bins.
For the photoelectric component, the relative RMS noise was reduced from approximately 0.6 % for
a two-bin detector to 0.55 % in a 6-bin system. Other work in the literature seems to suggest larger
improvements dependent on the number of bins [Alvarez2011, [Roessl2006]]. However the authors of
those studies used idealized energy response functions resulting in well-separated energy bins. In our
study we chose a realistic model for the PCD including charge-sharing and other spectral distortions. In

this case, overlap between the energy bins diminished the effect of more spectral information.

Phantom simulation study

To demonstrate the potential of the proposed estimator in a clinically relevant imaging task, a poly-
chromatic simulation of an adapted FORBILD phantom [Forbild2016] and subsequent decomposition
into the photoelectric and Compton basis was performed. The assumed x-ray exposure parameters are
summarized in table

Anode ‘ Peak Energy ‘ Filter ‘ Tube loading
W | 120kVp |02mmCu | 160mAs

Table 6.3: Tube parameters used for the phantom simulation.

For the CT simulations, the FORBILD thorax phantom was used [Forbild2016]]. The phantom descrip-
tion was modified such that it accounts for the energy-dependent attenuation properties of the various

body tissues involved. Therefore, the absorption coefficients were calculated using the composition of
body tissues from the reports of the ICRU and the XCOM database.

The acquisition geometry of the simulated fan-beam CT set-up is summarized in table [6.4] An inhouse-
developed tomographic projector [Fehringer2014] was used to calculate the line-integrals of the phan-

toms for each projection angle as well as to perform the FBP reconstruction of the processed data.

For the projection simulation and decomposition, the two-bin PCD configuration from table [6.1] was
used. The relevant parameters in the PLB forward-model were calibrated by simulating measurements
of 3 x 3 steps of PVC (0 cm — 10 cm) and PMMA (0 cm — 30 cm), thus fully exploiting the compatibility
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6 Development of a semi-empirical forward-model for material decomposition

W: 3000 HU /L: 700 HU W:0.9/L: 0.55

Figure 6.5: CT reconstruction of the spectral FORBILD phantom. The polychromatic image shows
the reconstruction of the data from the lowest threshold of the photon-counting detector up to
the peak energy (a) Window (W): 3000 HU / Level (L): 700 HU. The Compton component
(b) and the photoelectric component (c) were reconstructed using the maximum-likelihood
decomposition based on the proposed model in a two-threshold system. The Compton image
is shown in a window/level setting of W: 1.0 / L: 0.55 relative to the maximum value and
the photoelectric image at W: 1.0/ L: 0.3.

of PLB with small calibration efforts.

FOV ‘ SID ‘ SOD ‘pixel—size ‘ projections per 360°
40cm ‘ 50 cm ‘ 50 cm ‘ 250 um ‘ 1280

Table 6.4: CT geometry used for the phantom simulation. The pixel size is given at the isocenter.

The reconstructed images of the simulation can be seen in fig. [6.5] where a polychromatic reconstruction
of the lowest energy threshold data (15 keV) is shown (A) as well as the coefficients for the Compton (B)
and the photoelectric basis functions (C). The images correspond to the raw output from the estimator

and no post-processing of any kind was applied.

The quantitative accuracy of the proposed method can be seen by looking at the line plots through the

photoelectric and Compton images as indicated in fig.[6.6] The result of the decomposed reconstructions
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Figure 6.6: Quantitative evaluation of the simulated and decomposed spectral FORBILD phan-
tom data. The curves show the values of reconstructed voxels across a line through the
rudimentary heart in the phantom. The decomposed and reconstructed images yield good
overall agreement with the expected values. Deviations at feature edges can be attributed to
partial-volume effects arising in the imaging geometry.

is compared to the ground truth calculated directly from the implemented spectral phantom. In the flat
regions of the phantom, the estimator is able to accurately obtain the basis material coefficients. Only at

the edges, slight deviations occur due to partial-volume effects arising in the fan-beam geometry.

6.4 Limitations and extensions of the Polychromatic
Beer-Lambert model

Although the PLB-based decomposition of spectral PCD data promises high quantitative accuracy with
a minimum of required calibration measurements, there are a few limitations of this method that need

to be discussed briefly.

Compared to the technique presented in [RoessI2007, [Schlomka2008]], which is principally compatible
with any number of basis materials by its desigrﬂ our proposed approach still relies on calibration

measurements. It is to be expected that the surrogate energies Ezk determined by the PLB model

8Full knowledge of x-ray spectrum and PCD energy response is assumed in these methods.
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6 Development of a semi-empirical forward-model for material decomposition

strongly depend on the materials and magnitude of the line-integrals used in the calibration process.
Therefore, the choice of a specific set of basis functions for the decomposition needs to be made prior

to the calibration or the imaging application.

Element-specific imaging has attracted a lot of attention in spectral imaging methods over the last few
years. For example in a clinical context, the discrimination of various contrast agents based on heavy
elements using unique k-edges of the photoelectric absorption opens up new possibilities for diagnosis
[Muenzel2016). Methods involving full knowledge of all system variables [RoessI2007, ISchlomka2008|]
would be capable of decomposing into arbitrary basis functions at any time, whereas Alvarez recently
published a generalization of the well-known A-table approach to accomplish a three material decom-
position [[Alvarez2015]]. By its design, also the proposed PLB forward-model (equation [6.5) is able to
handle the additional attenuation by one or several k-edge discontinuities. However, measurements of

the used contrast agents must be incorporated explicitly into the calibration process.

Another aspect worth considering is the available range of line-integrals that can be decomposed with
sufficient quantitative accuracy. From figure [6.3] we can see that the presented estimator is able to
extrapolate the number of photon counts with high accuracy even if the sample line-integrals exceed the
calibration range by approximately 10%. Although this results is only exactly valid for the specific, yet
realistic case investigated in this work, it can be expected that a potential use of this method in a clinical
setting will not be limited by the extrapolation properties of the estimator since the maximum range of

line-integrals will be determined by the scanner’s field-of-view.
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photon-counting based material
decomposition

In the previous chapters [5] and [6| we have outlined the development of new concepts for PCD-based
spectral x-ray imaging and examined some of their potential implications using simulation studies. This
chapter will now focus on the practical implementation of these methods into a newly designed imaging
set-up and investigate the performance for various experimental scenarios. An overview of the set-up

will be shortly presented at the beginning, followed by a series of selected representative results.

7.1 The spectral CT set-up

To enable experimental characterization of the proposed methods, a dedicated spectral micro-CT set-up
based on a PCD was assembled in the course of this work. The design of the set-up was aimed at
providing a flexible imaging solution both for high-resolution CT of small objects as well as for general-
purpose x-ray imaging of larger samples. Considering the main components, the set-up consists of a
cone-beam micro-focus x-ray tube, a state-of-the-art PCD system suitable for high-energy measurements
and several positioning devices mounted on an optical table. Figure shows an overview photograph

of the assembled devices.

X-ray source

The statically mounted x-ray tube (XWT-160-CT, X-Ray WorX GmbH, Garbsen, Germany) is a micro-
focus tube with a tungsten reflection target and a 2 mm thick beryllium beam exit window. The tube can

be operated with a peak acceleration voltage of up to 160 kVp and has a maximum continuous target
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7 Practical implementation of photon-counting based material decomposition

Figure 7.1: Photograph of the assembled spectral micro-CT set-up. This photograph shows all key
components comprising a micro-focus x-ray source (A), phantoms to automatically calibrate
the PLB parameters (B), mounting and positioning devices for the sample (C), automatic
adjustment of magnification and voxel-size (D) and the PCD (E). Additionally, a standard
flat-panel type EID is also available (F).

power output of 300 W. The peak target current is limited to 3 mA, giving a constraint for the achievable
power at a given voltage. Further the size of the optical focal spot is dynamically adjusted depending
on the electrical power delivered to the target. The minimum ellipticaﬂ spot size of 2.0 x 3.0 um? rises
with increasing target power to its maximum of approximately 150 x 300 um? at a power of 300 W.
The emitted cone-beam has an opening angle of approximately 30°. A collimator mounted directly in
front of the exit window allows to adjust the beam shape to the current geometry and thus helps to avoid
scattered radiation registered by the detector. Additional pre-filtration of the x-ray beam is enabled by

inserting different filters in a slot between exit window and collimator. Frequently used filters comprise

"Due to the inclination of the target, the optical focal spot has the size of an ellipse, resulting in different spot sizes in the
horizontal and vertical direction.
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7.1 The spectral CT set-up

Cu or Al foils of various thickness between 100 um and 5 mm.

The PCD system

The used PCD system (XC-FLITE X1, XCounter AB, Danderyd, Sweden) features a 0.75 mm CdTe
sensor. The detector’s active area consists of 1536 x 128 pixels with a native pixel size of 100 um,
arranged in a horizontal matrix of 12 readout ASICs with gaps of approx. one pixel between the modules.
Thus, the complete FOV amounts to 15.4 x 1.3 cm?. The system is equipped with two separate energy
thresholds offering 12 bit counting depth per pixel and provides on-chip real-time correction of charge-
sharing. As mentioned in section [3.3] the used CdTe sensor is prone to polarization effects which are
effectively mitigated using a fast periodic reset sequence of the sensor bias. Typical operating conditions
of this detector in the course of this work were a frame-rate of 10 fps and a bias reset after each frame.
After energy calibration of the thresholds, the FWHM of the remaining threshold dispersion across
pixels is between 4 — 5 keV.

Due to these features, the energy response of the FLITE XI PCD can be well characterized by the model
introduced in section [5.1|regarding only photo-peak noise and fluorescence-escape peaks generated by
the CdTe sensor. The settings for the energy threshold could therefore be optimized using the developed
PcDetector framework as discussed exemplary in section[5.2] Since the obtained settings vary with
the imaging task, the resulting threshold settings will be given in the sections discussing the individual
experiments along with the underlying parameters for the incident spectrum and exposure.

In addition, the set-up offers the use of a standard flat-panel EID with a large FOV of 40 x 30cm at a
physical pixel size of 194 um (PaxScan 4030CB, Varex Imaging, Salt Lake City, USA). This detector
can be used to obtain reference images using standard CT protocols and is employed in micro-CT

studies of large objects.

Set-up geometry

The set-up is equipped with a sample positioning system allowing movement in the x-, y- and z-
directions. Different mounting options are provided to accommodate various sample sizes ranging
from a few millimeters up to 30 cm and 25 kg. CT acquisitions are realized via rotation of the sample.
Further, the detector system can be moved along the z-, and y-direction. Thus the set-up allows an entire
and accurate geometric alignment of the imaging system, including arbitrary selection of the geomet-
ric magnification as well as the correct alignment of the sample and the detector to the center of the

cone beam. The geometric magnification M resulting from a specific combination of source-to-object
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7 Practical implementation of photon-counting based material decomposition

distance (SOD) and source-to-image distance (SID) is given by

M=1+ = (7.1)

At the used set-up, the constraints for the distances are 45 mm < SOD < 1510 mm when the collimator
is in place and 810 mm < SID < 2310 mm. Therefore, the theoretical lower limit for the CT voxel-size

is 1.95 ym.

7.2 Calibration of the PLB forward-model and accuracy in real
PCD applications

The basic procedure for calibration of the surrogate energies and intensities in the PLB model has
been outlined previously in section [6.2] This section will now focus on its practical implementation
and study the quantitative accuracy of the forward-model in real experimental settings. In the current
set-up configuration we employ two staircase-shaped calibration phantoms of different materials with
accurately known thicknesses to enable spectral decomposition into a two-material basis. The calibration
phantoms are positioned between the x-ray tube and the sample holder using two additional linear-stages
and can be moved separately enabling to cover the complete grid of calibration points (cf. figure[7.1] B).
A convenient choice of materials is poly-vinyl chloride (PVC) and poly-methyl methacrylate (PMMA)
which are then often converted into the contributions of photoelectric effect and Compton scattering

basis.

Figure shows a schematic representation of the calibration process. Due to the placement of the
calibration phantoms in a cone-beam geometry, effects of the cone angle « across the detector lines need
to be taken into account. In general, this leads to different calibration line-integrals on a pixel-by-pixel
basis, since the path length of the x-ray beam through the object varies with the cone angle seen be each
detector row. From the magnified view in figure we obtain that this path length |Z| is linked to the

nominal thickness |(ﬂ of the calibration step via

I I d]
= cos(a/2)  ¢og (arctan (D—/Q>> ’ 72

SI1D
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Figure 7.2: Overview of the PLB model calibration process in the experimental set-up. The
schematic drawing summarizes the calibration process using PVC and PMMA staircase
blocks and visualizes the geometric considerations required when determining pixel-by-
pixel corrections for the cone-beam effects. The SID and other distances are not up to scale
in this sketch.

where D is the height of the detector measured in the same units as the SID. An analog calculation is

valid for the perpendicular direction, i. e. the detector columns along the fan angle [.

The currently available calibration phantoms offer up to eight steps per material. The maximum range
for the calibration of the line-integrals is 80 mm for PMMA and 48 mm for PVC. Due to the benefits
when working with a photoelectric effect and Compton scattering attenuation basis (cf. section[6.2)), this
grid of calibration points is typically converted into the associated line-integrals Ac and Ay, according
to equation [6.6] which is visualized by figure[7.3] Since the attenuation of x-rays follows an exponential
curve when the magnitude of line-integrals increases, the gradient of the expected number of photon
counts is large for small line-integral values and decreases towards larger thickness. Therefore, the
density of calibration points is higher at low line-integral values to make the parameter estimation

process more robust in regions with large gradients. Furthermore, the number of frames acquired at
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Figure 7.3: Calibration range and distribution of points in the experimental set-up. The current
phantoms allow calibrations using up to eight steps for each material where the maximum
thicknesses are 80 mm PMMA and 48 mm PVC (A). The corresponding conversion into
coefficients of a photoelectric effect / Compton scattering basis are shown in plot B.

each combination of calibration steps is adjusted to keep the recorded photon statistic at a constant
level for all calibration points. Therefore, a constant mean number N of photons is registered during
the calibration measurement process for each energy bin and line-integral. Prior to the fitting of the
parameters, the images for each calibration step were normalized using their respective frame numbers.
In this way the effects of Poisson noise on the resulting PLB parameters were minimized, especially at
larger line-integral values.

The experimental settings of the tube source and the detector for this study are summarized in table

1l

Peak voltage ‘ Filtration ‘ N ‘ THL, ‘ THLy ‘ Frame rate
120kVp [ 0.2mmCu | 5 x 10* | 27keV | 52keV | 10fps

Table 7.1: Acquisition settings for the investigation of the forward-model accuracy. The number NV
refers to the total number of photon counts seen be the low PCD threshold.

In order to allow the experimental set-up to reach a steady state of operation, the source and detector were
given approximately one hour of settling time before the calibration process was started. In this way,

temperature-induced drifts of the x-ray source emission or the detector thresholds were minimized.
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Figure 7.4: Accuracy of the PLB forward-model in an experimental set-up. The surface plot in
(A) shows the global performance of the forward-model after fitting to the calibration data
corresponding to the grid in figure The relative bias of the predicted counts barely
exceeds 1.5 % (B). An examination of the bias histogram for all pixels and calibration points
(C) yields that nearly all values lie within a 3o interval as determined by the Poisson statistic
of the calibration measurement. The values in this figure are for the low PCD energy bin
and the mean number of photons was N1, = 2.8 x 10* and o = /NVy..

A quantitative examination of the forward-model accuracy in the low energy bin is shown in figure
For an arbitrary detector pixel, the number of photon counts determined by the forward-model
corresponds well to the experimental data. In part A of the figure, this is represented by a 2D surface
dependent on the basis material line-integrals. Panel B shows the relative bias of the predicted counts
for the same pixel over all 64 points in the calibration grid. Since all calibration points were effectively
acquired under the same photon statistic, a global relative noise level can be attributed to all points. For
the present study, the number of photons in the low energy bin was Ny, = 2.8 x 10%. Using o = /Ny,
the relative amount of noise contained within a 3¢ interval of the Poisson distribution was 1.8 %. The

experimentally observed bias values lie all within this interval. A statistic evaluation for all detector
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7 Practical implementation of photon-counting based material decomposition

pixels and all calibration points yields the bias histogram in figure [7.4]C. The behavior of the bias is
characterized by a Gaussian distribution with mean value of zero and a FWHM corresponding to the
uncertainty of count numbers (FWHM = 2.360).

From this it becomes evident that the accuracy of the forward-model over the complete detector and
range of line-integrals is governed by the photon statistics and can hence be treated as unbiased. The
performance is seemingly not affected by effects present in real PCD system. The following sections
will therefore focus on investigations of the quantitative accuracy and quality of material-decomposed

images.

7.3 Quantitative material characterization in a phantom study

The quantitative accuracy of a MLE-based material decomposition using the PL.B forward-model was
evaluated using a CT scan of a cylindrical phantom. The phantom consists of a PMMA tube with 5cm
diameter and five cylindrical inserts with a diameter of 1 cm each. Four different polymers (PMMA,
PVC, POM, PTFE) and aluminum have been used as insert materials. The space between the tube wall
and the inserts has been filled with de-ionized water. In studies related to x-ray material characterization
[Sarapata2014] [Abbema2015l], the electron density pg is often used as a measure for quantitative accu-
racy. In a clinical context, precise knowledge of electron densities in different tissues is often required
for planning of radiation therapy. In the case of spectral x-ray imaging, pe; of the phantom’s materials
can be determined directly from the basis material images according to equation [2.16] and serves as
a quantitative measure for the decomposition accuracy. Reference values for pe have been calculated

from the chemical composition of the materials and tabulated mass densities.

For the acquisitions, the set-up geometry was set to yield a total FOV of 7.5 cm with an image voxel

size of 100 um. The exposure parameters are listed in table

Peak voltage ‘ Filtration ‘ mAs ‘ THL;, ‘ THLy ‘ Frame rate
110kVp | 0.1mm Cu | 4600 | 27keV | 52keV |  10fps

Table 7.2: Acquisition parameters for the quantitative measurements of electron densities in the
material phantom.

The calibration of the PLB parameters was performed as explained in the previous section To
minimize the impact of statistical noise, a very high total exposure level of 4600 mA s per was used

during the CT scan, fractioned equally between 1400 angular views.

Figure[7.5]shows axial slices through the reconstructed volumes, comparing the polychromatic image
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Figure 7.5: Experimental phantom study to investigate the quantitative accuracy of electron densi-
ties. The electron density image has been obtained directly from the decomposed Compton
basis image. As shown by the plots of voxel values along the marked oblique lines, the
projection-based material decomposition strongly reduces beam-hardening artifacts, there-
fore increasing quantitative accuracy. An overview over the measured electron densities for
materials contained in the phantom is presented in table @

reconstructed from all photon counts registered above the low energy threshold to the electron density

image.

A first investigation of the performance can be made by plotting lines through the PVC and Al insert in
both images. Since the numeric values of both images differ by many orders of magnitude, the voxel
values have been normalized to the maximum values in each volume. One can easily see that beam-

hardening induced cupping artifacts in the inserts are strongly reduced by the spectral reconstruction.
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Furthermore, typical streaks seen between strongly attenuating objects in polychromatic reconstructions
are suppressed after the projection-based material decomposition. Therefore, the spectrally generated
electron density image shows increases quantitative accuracy compared to the polychromatic estimation
of the materials’ linear attenuation coefficient. A closer examination of the curve for the electron density
image reveals a slight inverse cupping. This feature arises from the anti-correlated behavior of noise
and bias in basis material images and can not be attributed to beam-hardening effects. This observation
may hint towards a slight shift of registered photon count numbers between calibration and actual
measurement of the phantom. Such drifts can be attributed to two major phenomena: First, changes
in the detector response function yield a time-dependent change of energy threshold values which
are mostly associated with rising ambient temperature. Secondly, scattered radiation is emitted from
the phantom and registered as background radiation by the detector. Since scattered radiation is not
considered by the forward-model, it leads to a slight bias in the material decomposition. This explanation
is contingent with the fact that photons which are Compton-scattered under a small angle with respect
to their original path typically lose energy during the scattering process. Therefore, the ratio of photons
registered in the low and high energy bins slightly shifts towards the low end of the spectrum. This
effect is then accompanied by an under-estimation of the photoelectric absorption with a simultaneous

over-estimation of the Compton component.

The obtained electron densities have been measured in circular ROIs located centrally in each polymer
insert. The obtained values are compared to tabulated reference data in table[7.3]and the relative deviation
of the measurements from the theoretical values is calculated. The mean bias of all investigated material

samples was 1.04 %.

Material || ; 023pzlm— . pfg;%ef;rfid Rel.(zrror

PMMA 3.87 3.92 1.3
pPVC 4.21 4.16 1.2
POM 4.58 4.55 0.7
PTFE 6.26 6.22 0.6
H0O 3.34 3.38 1.2

Table 7.3: Quantitative accuracy of the measured electron densities in the material phantom.

Therefore, the resulting bias is typically small, ranging in the order of 1 %. This result corresponds well
to the magnitude of bias present in the PLB forward-model, cf. section Comparing the bias in
table obtained with our approach to values reported in other recent studies, the accuracy of PLB-
based material decomposition fits in between results obtained with polychromatic x-ray phase-contrast
measurements [[Sarapata2014] (mean bias of 3.1 % for the same materials) and a recent method for dual-

energy imaging based an accurate parameterization of all involved photon interactions [Abbema2015]]
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(mean bias of approximately 0.5 % for tissue-equivalent compounds). Especially in the latter study the
bias improved due to correctly accounting for all involved interactions including coherent scattering.
All in all the presented phantom measurements demonstrate that MLE-based material decomposition
using the PLB forward-model yield accurate material parameters under realistic experimental conditions.
Applications of this technique to produce various spectral images of different objects will subsequently

be presented in the following sections.

7.4 Performance of PLB-based spectral imaging in a clinical
context

Applications in clinical radiology or pre-clinical research are one of the most promising developments in
this area and have driven many developments ranging from PCD technology to spectral data processing
methods. Examples for clinical applications have been outlined at various stages in this thesis already.
Here we will discuss two possible applications using measurements of biological samples that may have

clinical relevance.

7.4.1 Soft-tissue and bone separation in clinical samples

Separation of the spectral attenuation data into contributions arising from soft-tissue and bone material
can be of great diagnostic value in clinical radiology. Applications for this particular spectral basis cover
the quantification of bone mineral content to diagnose osteopenia / osteoporosis, visualization of subtle
bone lesions like bone edema and others [McCollough2015]]. Soft-tissue images can for example help
to identify lesions of collagen-rich tissue like tendons and ligaments [Mallinson2014]. In our case we
used the photoelectric effect/ Compton scattering basis and converted it to bone and tissue-equivalent

images using their material properties as defined in the ICRU reports and XCOM database:

Material ‘ ‘ Pel ‘ Zoft
Soft tissue || 3.51 x 10% | 7.64
Cortical bone || 5.95 x 1023 | 13.84

Table 7.4: Electron densities and effective atomic numbers of soft tissue and cortical bone.

The line-integrals of soft tissue and bone ( S) are calculated using the equation

b
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(7.3)

where M is the matrix to calculate the photoelectric / Compton coefficients for an object composed of
soft tissue and bone with material parameters given in table[7.4] Consequently, the bone and soft tissue

images depict the projected thickness and density of both materials.

Using our experimental set-up, a preserved specimen of a human hand was scanned. In order to cover
the full height of the object with the available 128-slice PCD, a technique called time-delayed summa-
tion (TDS) [Nowak2012]] was adopted. Thereby the detector continuously acquires frames while the
objects is shifted a certain distance perpendicular to the rows from frame to frame. The final image is
reconstructed by inserting each acquired frame into the position corresponding to the shift distance and

summing up all relevant contributions.

The images in figure [/.6|show the results obtained with the PCD-based soft-tissue and bone separation.
For comparison, a clinical radiograph was also acquired at the Klinikum Rechts der Isar following a
routine imaging protocol with 55 kVp / 4 mA s. The acquisition settings for the spectral images have
been adapted to the PCD requirements (table [7.5).

Peak voltage ‘ Filtration ‘ mAs ‘ THL, ‘ THLy ‘ Frame rate
110kVp [ 0.1mmCu | 3.5 | 23keV | 55keV |  10fps

Table 7.5: Acquisition parameters for the bone/soft tissue decomposition of a human hand.

The standard clinical image exhibits the typical structural overlap of bones and soft tissue anatomy.
These issues are almost completely eliminated in the spectral images, where a clean separation between
bone and soft tissue anatomy is achieved. Therefore, the bone image shows increased contrast and a
better delineation of e. g. joint spaces. In the soft-tissue images, bone structures are still visible as darker
areas. This behavior is to be expected since the presence of bone in the beam path results in voids in the

soft-tissue thickness.
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7.4 Performance of PLB-based spectral imaging in a clinical context
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Figure 7.6: Separation of a clinical radiograph into bone and soft-tissue equivalent images. The
clinical image was obtained using a clinical radiography system equipped with an EID
following a routine protocol for distal extremities (55 kVp / 4 mA s). The bone and tissue-
equivalent images have been calculated from a photoelectric effect / Compton effect at-
tenuation basis as outlined in equation [7.3] Compared to the clinical reference image, the
bone image shows increased contrast due to non-overlapping of structures. Note that the
projection angle is slightly different for clinical and PCD images.

7.4.2 Effective separation of protein, lipid and water content in pre-clinical
research applications

For some pre-clinical or clinical applications, a more detailed examination of the tissue composition
might be of value. In this context, further classification and quantification of general soft tissue into
protein, lipid, and water-equivalent content can help to determine the progression and prognosis in
various diseases ranging from tumors to liver pathologies [Schreuder2008]. Recently, a
method for decomposition into protein, lipid and water utilizing x-ray phase contrast measurements was
developed at the chair of biomedical physics of the TUM [Willner2016]]. In this approach, attenuation
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7 Practical implementation of photon-counting based material decomposition

and phase Hounsfield units are employed to span the vector space in which the decomposition is
accomplished. However, this method typically requires the use of low energies since the required
separation of basic x-ray interaction mechanism is not guaranteed at energies of some 10keV and
more. While the phase-contrast image is always attributed to coherent scattering processes within the
object and therefore reflects the electron density, the absorption image is principally a superposition of
several interaction mechanisms including photoelectric absorption and scattering processes (cf. equation
[2.20). Therefore, attenuation and phase images are no longer complementary at higher x-ray energies
[Sarapata2015].

By utilizing PCD-based spectral x-ray imaging we sought to generalize the idea of a vector decomposi-
tion into the three tissue constituents and make it applicable to higher energies as used in clinical imaging
modalities. Using the spectral basis of photoelectric attenuation and Compton scattering, one obtains
two linear independent images that are independent of photon energy. In this 2D vector space, any
aph
Q¢
of protein, lipid and water with mass fractions p, [ and w is expressed by the constraint

material is identified by its vector . The assumption that this material is exclusively composed

wrptil=1. (7.4)

The photoelectric and Compton coefficients of the pure materials water, protein and lipid can be calcu-

lated directly from the tabulated elemental composition of those materials [Woodard1986]].

Similar to equation we can use a matrix notation of the above relations to decompose the spectral

basis images into protein, lipid and water volume fractions.

Gph Qph, W Qph,P  CGph,L w
Qe - Qc, W Gc, P Gc, L, D (7.5)
1 1 1 1 l
M
aph
p|l = M| a |. (7.6)
l 1
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7.4 Performance of PLB-based spectral imaging in a clinical context

This approach was applied to spectral images of a formalin-fixated mouse. To demonstrate the ability
to use higher energies, acquisition settings similar to clinical techniques were used despite the small

object size:

Peak voltage ‘ Filtration ‘ mAs ‘ THL;, ‘ THLg ‘ Frame rate
120kVp | 0.2mmCu | 200 | 23keV | 57keV | 10fps

Table 7.6: Acquisition parameters for the decomposition into protein, lipid and water fractions.

In figure[7.7]the results of the decomposition is summarized. The first row shows the standard spectral
basis images along with the polychromatic reconstruction. The second row shows the result of the
vector decomposition into the three tissue components. To suppress excessive noise amplification, the
spectral basis images have been post-processed using a de-noising algorithm that exploits properties of
the spectral images, especially the anti-correlation of noise. The algorithm developed at the chair uses
trained dictionaries and a low-noise guide image for structure determination [Mechlem2016l]. Especially
the lipid and water images depict complementary structures as fat-depositions in the body normally
exclude water. Proteins can in turn be found in a variety of tissue types as they occur in connective

tissue and the extra-cellular matrix.
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Figure 7.7: Separation of protein, lipid and water fractions in biological tissues. The spectral PCD
data is first decomposed into a photoelectric effect / Compton scattering attenuation basis
(first row). The basis material images are subsequently transformed into a protein and lipid
attenuation basis. Using a conservation of volume constraint under the assumption that the
sample contains water, a third basis image can be deduced for the water fraction in each

voxel (second row).

7.5 Application of PCD-based spectral imaging for
material-scientific applications

Until now, applications of spectral x-ray micro-CT in the field of material science and NDT have not yet

attracted the same amount of interest as in clinical radiology. The available techniques are usually lim-

102



7.5 Application of PCD-based spectral imaging for material-scientific applications

ited to simple 2D histogram-based analysis of dual-energy measurements or basic image-based material
decomposition applications [Nachtrab2011! |[Guo2012, [Fuchs2013), Bennett2014, Pauwels2015]]. This
can partly be attributed to the fact that many micro-CT systems utilize two separate scans to acquire
spectral bins. Dual source concepts are difficult to realize in micro-CT due to various limitations such as
geometric and economic constraints as well as physical aspects like cross-scattering of photons between
the separate tube-detector pairs [Engel2008]]. Additionally when using a single source to acquire the
energy-selective images in separate scans, the time required to obtain the data strongly increases and
data processing can be hampered by movement of the sample so that the low and high energy data
are not registered to one another. This issues could be tackled by the use of a energy-discriminating
PCD. However, publications in that direction are still limited [Bennett2014} [He2013]]. In this section,
we will present some investigations on the use of projection-based MLE material decomposition uti-
lizing spectral images obtained by a PCD. Sample applications for two major challenges in NDT and
material science, namely reduction of beam-hardening artifacts and increased material contrast, will be

discussed.

7.5.1 Metal artifact reduction in micro-CT of highly attenuating objects

In many cases, samples investigated for NDT and material scientific purposes include strongly attenu-
ating objects like metals or other highly dense structures. Prominent streaks or cupping decrease the
accuracy of quantitative imaging and complicate image analysis, for instance when performing feature
segmentation [Prevrhal2004} Sriwayu2015, Jovanovic2013|] and correction of such artifacts still widely
relies on empirical methods. The simulations presented in chapter [6] show that the projection-based
MLE of spectral basis materials using the PLB forward-model can handle beam-hardening effects in a
wide range of line-integrals. To demonstrate this ability, a CT scan of a 9 V block battery was performed

and decomposed using the acquisition settings in table

FOV ‘ SID ‘ SOD ‘ voxel size ‘ projections per 360°
3cm | 120cm | 24cm | 40pum | 1400
Peak voltage | Filtration | mAs | THLp | THLy
140kVp | 0.2mmCu | 1800 | 23keV | 55keV

Table 7.7: CT geometry and image parameters for the battery. The voxel size and field-of-view are
measured at the center of rotation. The tube loading was calculated for the total acquisition
time of the measurement.

In figure[7.8]the images obtained after a conventional polychromatic reconstruction are compared to a
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Figure 7.8: Metal artifact reduction in NDT applications using PCDs. Prominent beam-hardening
artifacts like cupping and streaking are drastically reduced in virtual monochromatic images
generated from the spectral basis images. This is particularly beneficial in NDT applications
which often involve the investigation of samples containing metal parts. ROIs used to assess
the CNR are marked by the circular and square indicators.

VMI at 80 keV generated from the photoelectric / Compton basis images. The VMI is calculated from
the decomposition data by inserting the basis material reconstructions together with the desired energy
into equation [2.T5] To reduce the effects of propagation of anti-correlated basis-material noise into
the VMI, the photoelectric / Compton images have been postprocessed using the inhouse-developed
algorithm presented in [Mechlem2016]. Thereby, noise correlations are effectively reduced. The energy

level for VMI in this example was chosen such that the observed artifacts were suppressed.

Despite the high beam energy and copper filtration, significant beam-hardening artifacts are observed
in the conventional image. The arrows in the polychromatic reconstruction mark positions of beam-
hardening streaks that can be attributed mostly to metal artifacts. Additionally, cupping is observed
towards the center of the battery. In many cases these artifacts obstruct low-contrast details in the sample
structure. Due to the suitable choice of the VMI energy level, the quantitative values of the obtained voxel
attenuation is comparable to the polychromatic case. However, beam-hardening associated artifacts are

strongly suppressed by utilizing the spectral data. As indicated by the arrows, various features of the
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Figure 7.9: CNR enhancement in the battery sample VMI. Dependent on the VMI energy the CNR
was evaluated for the ROIs shown in figure Compared to the conventional image CNR
was enhanced by up to 62 % in postprocessed VMI images. Especially the behavior of the
noise where the dependency on the energy is very weak towards larger energies is a unique
feature due to the projection-based material decomposition and reduction of anti-correlation.

object could be retrieved in the spectral reconstruction.

In addition, the CNR was evaluated between the marked ROIs. Values for the CNR have been calculated
for different VMI energy levels between 30 — 150 keV and for the conventional reference image. Besides
the evaluation of post-processed spectral data, the CNR was also determined in VMIs created from the
raw spectral basis images. The left panel in figure[7.9]shows the obtained curves dependent on the energy.
Over a wide range of energies, both CNR curves exceed the reference value set by the conventional
polychromatic image. In case of de-noised basis materials the CNR was enhanced by 62 % while using
unprocessed VMIs still yields an improvement of 35 % compared to the reference value. However, the
values from the raw VMIs show a stronger energy-dependence towards higher energies and the image
quality eventually drops below the reference. Reducing the anti-correlated noise in the basis material
images leads to a much flatter curve for image noise as seen in the right panel, allowing the selection
of a higher energy level which reduces beam-hardening associated artifacts more effectively. These
results can be compared to the results presented in section 4.4] for the CNR and noise in a commercial
dual-layer CT scanner. Especially the behavior of the noise found there is a unique feature due to the
projection-based material decomposition and reduction of anti-correlation. In the previous literature on

virtual monochromatic imaging, noise was reported to have a strongly pronounced global minimum and
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7 Practical implementation of photon-counting based material decomposition

to increase for lower and higher energies [[Yu2011) [Pomerantz2013]]. Furthermore, noise in VMIs was
often found to be higher than in conventional images [Yu2011l [Yamada2014]. Besides the discussed
reduction of artifacts the results presented in this section, using our approach of combining PLB-based
material decomposition with joint spectral de-noising exploiting anti-correlation, show strongly reduced

noise compared to conventional images and a nearly constant noise level at higher energies.

Although the data presented in this section only shows a single application, the general ability of
projection-based material decomposition to handle and correct beam-hardening associated artifacts in

micro-CT is clearly demonstrated and encourages further refinement and application of this method.

7.5.2 Contrast enhancement and material identification in spectral micro-CT

One key task in material science and NDT is the recognition and identification of various materials
contained within an object of interest. Since every material imprints its unique attenuation onto the x-ray
beam, spectral imaging methods can help to accomplish material identification in micro-CT applications.
For the purpose of demonstrating possible applications, a drill core from piece of concrete was examined
with a relatively high resolution of 10 um. Concrete was selected since it contains features of various
materials and structure sizes that cover a wide range of spatial frequencies [Mehtal986]. Furthermore,

properties of concrete and cement samples are frequently studied using x-ray micro-CT techniques.

The acquisition settings for the drill core are summarized in table

FOV ‘ SID ‘ SOD ‘ voxel size ‘ projections per 360°
15cm | 100cm | 10cm | 10pm | 1700
Peak voltage ‘ Filtration ‘ mAs ‘ THL;, ‘ THLg
120kVp | n.A. | 350 | 27keV | 52keV

Table 7.8: CT geometry and image parameters for the concrete drill-core. The voxel size and field-
of-view are measured at the center of rotation. The tube loading was calculated for the total
acquisition time of the measurement.

The obtained spectral projection data was decomposed into the photoelectric / Compton basis line-
integrals and reconstructed using FBP. Subsequently, de-noising using the dictionary-based algorithm
from [Mechlem2016] was applied to the volumes. Figure shows an axial slice of the obtained
images. Besides the polychromatic attenuation, the figure depicts the basis-component images of the

material decomposition.
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Figure 7.10: Spectral micro-CT of a concrete drill core. The sample with a diameter of 1 cm was
reconstructed at a voxel size of 10 um. In the photoelectric and Compton basis images, a
reduction of beam-hardening induced cupping can be observed. Furthermore, an increased
contrast between different constituents of the concrete is achieved via spectral decomposi-
tion.

Compared to the conventional attenuation image, the spectral basis-component images provide an en-
hancement of image contrast. The fine granulation of the concrete, which is barely visible for some
features in the conventional polychromatic attenuation image, can be distinguished more easily in the
spectral basis. The photoelectric component primarily yields enhanced contrast between materials with
largely diverse atomic number while the Compton image pronounces the contrast between the aggregates
and the cement. Apart from the improvement of the image contrast, the basis-component images again

offer reduced beam-hardening artifacts mainly in the form of reduced cupping (cf. section [7.5.1).

A quantitative analysis of the spectral basis images also enables the identification of different materials
contained in the concrete mixture. Therefore, the photoelectric effect / Compton scatter images are
converted into the characteristic material properties, i. e. electron density and effective atomic numbers

according to equations[2.16|and [4.5] The resulting values are visualized in a 2D histogram as shown in

figure[7.11]

Thereby, the most common constituents and aggregates of concrete can be identified. Among those,
quartz (SiO3), magnesite (Mg[COs3]) and dolomite (CaMg[CO3]2) could be identified, which are typical
minerals found in concrete [Mehta1986]. The mineral’s reference values were again calculated using
tabulated data, yielding an effective atomic number of 11.75, 9.47 and 13.42, for quartz, magnesite and

dolomite, respectively. The corresponding values for the electron density of the three minerals were
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Figure 7.11: 2D histogram of material properties contained in the concrete drill core. The electron
density and effective atomic numbers have been calculated from the spectral basis images.
The intensity in the image corresponds to the frequency of occurrence in all voxels of figure
[7.10]in a logarithmic scale. The histogram allows the identification of the most common
constituents of concrete.

6.89 x 10%3 cm™3, 8.87 x 10% cm™> and 8.64 x 103 cm™3.

Calcite (Zeg = 15.72, po = 8.42 x 10% cm™3) which is a further typical component of the aggregates
in ordinary concrete could not be observed in this sample. The remaining histogram peaks probably
arise from very fine granulation, which could not be resolved directly given the spatial resolution of the
measurement. Therefore, partial volume effects are observed in many image voxels and the respective
peaks in the 2D histogram emerge from mixtures of many different chemical elements. These can not

be assigned to any particular mineral in the concrete.
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8 Beyond spectral imaging: X-ray
deconvolution microscopy using
photon-counting detectors

Besides spectral sensitivity, PCDs offer other improvements compared to conventional EIDs, c.f. chapter
Bl Among those, increased sharpness of the PSF and improved SNR close to the Poisson limit at very
low count rates can be exploited to enhance x-ray imaging applications especially when very high spatial

resolution is required.

Until now, x-ray microscopy methods are becoming increasingly important in various fields of applied
research. Both life sciences and material sciences benefit from spatial resolution in the order of a few
micrometers down to the nanometer range. Ultrahigh-resolution imaging at nanometer scale typically
utilizes monochromatic synchrotron radiation and additional x-ray optical elements [Horowitz1972|
Schmahl1980, [Sakdinawat2010] to focus the x-ray beam down to diameters in the nanometer range.
However, in typical laboratory-based x-ray microscopy applications, intermediate resolution in the range
of a few micrometers is considered most important regarding the size of typical structures within such
samples. The use of hard x-rays in the range of 20 — 100 keV is mostly required due to the size and

chemical composition of the samples.

Laboratory-based high-resolution imaging is usually achieved using two distinct methods or by a combi-
nation of both: Either an optical lens is coupled to a CCD with very small pixel size to magnify the x-ray
image projected onto a scintillator crystal [Flannery1987|] or the direct magnification in a cone-beam
geometry [Sasov1998] is exploited. Especially when both approaches are combined, resolution down to
the sub-micrometer level can be achieved [Flannery1987|]. High resolution x-ray imaging is regularly
combined with CT techniques in order to obtain 3D information. Nevertheless, micro-CT suffers from
the limited photon flux of the employed micro-focus x-ray sources due to the requirements of a very
small focal spot size. This limitation leads to rather long exposure times, especially in tomography ap-

plications which makes rapid inspection of large numbers of samples difficult to achieve. Additionally
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8 X-ray deconvolution microscopy using photon-counting detectors

the geometric magnification limits the maximum sample size and the equipment for such microscopes

tends to be rather cost intensive.

In this chapter, we demonstrate an approach to obtaining resolution in the range of 10 um making use of
unique properties of a PCD system. The presented technique does neither require x-ray optical elements,
nor microfocus-sources to yield high-resolution images. Instead we make use of the box-like PSF that
is present in systems based on the MEDIPIXSRXEI readout ASIC [Ballabriga2013|]. PCDs based on
this ASIC have the advantage of a small physical pixel-size of p = 55 um combined with a real-time
on-chip correction for charge-sharing effects, c.f. chapter This particular mode of operation is called

charge-summing mode (CSM) and results in an improved spectral response of the detector and yields a
box-shaped PSF matching the detector pixel size.

In particular, the LAMBDA detector systerrﬂ [Pennicard2013]], which is based on the MEDIPIX3RX,
was used throughout this work. The particular assembly is equipped with a 300 um thick Si sensor at
100V bias. The LAMBDA was operated an energy threshold of 8 keV to cut off the electronic noise in
CSM.

We will call the proposed method “XDM” [Ehn2016[ in the following, where we refer to a similar
approach in optical fluorescence microscopy [Sibarita2005]. The following sections will first highlight
the basics of the developed method and then present a few examples of projection and micro-CT appli-

cations.

8.1 Description of the method

The fundamental principle is based on a common super-resolution technique, namely raster-scanning
the sample in front of the detector with sub-pixel sized steps. In this context, super-resolution shall refer
to methods for obtaining spatial resolution smaller than the physical size of a detector pixel (sub-pixel
resolution). A schematic overview of our approach is illustrated in figure 8.I(A). The total scanning
range equals exactly one pixel-pitch of the detector. Generally, translating the detector instead of the
sample is equivalent. However, scanning the sample has the advantage that field inhomogeneities of the x-
ray source are easily canceled out after a flat-field correction of the detector. Thereby, information about
the sample structure on a sub-pixel scale can be obtained while the raster scanning actually constitutes
an oversampling of the object in the spatial domain. The oversampled images are obtained after proper

re-ordering of the raster-scanned images. As we have discussed in [Ehn2016], this oversampling and

"Developed within the Medipix3 collaboration based at CERN, Switzerland.
*Developed by DESY, Hamburg and Technische Universitit Miinchen
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re-ordering procedure can be treated as follows: I>I<),y denotes the intensity recorded by a PCD at the
physical pixel coordinate (x,y) given in units of the pixel size p. An object O(§,v) is to be imaged
at super-resolution employing M x N raster steps in the x and y - direction. The resulting intensity

SR . . . . .
INix4+m Ny-+n 1D the oversampled super-resolution image is constructed via

m-p n-p
IE/E(—HIL Ny+n — I)I(),y <T <77 T) O(Ea U)) ) (8 1)
N,

m=1.Mn=1.

where T'(m, n) denotes the translation of the object by a given distance in the x and y - direction, figure
[B.1 (B — D). However, the raster-scanning introduces a strong correlation between neighboring pixels
depending both on the total number of steps and on the width of the initial detector PSF. If the PSF of an
original pixel is known, one can estimate the PSF of the raster-scanned image and apply a deconvolution
method, such as the Richardson - Lucy algorithm [Richardson1972| |Lucy1974], to restore the latent

image. In our notation, the iterative deconvolution process can be written as

SR

JXDM _ jXDM. (
n n
IXPM @ PSF

® PSF) , (8.2)

where IXPM ig the intensity in the XDM image after iteration n, PSF(x, y) = PSF(—x, —y) is the
spatially flipped point-spread function and the operator ® denotes a discrete convolution. For this studies,
n = b iterations have been performed. Generally, with Richardson - Lucy deconvolution the number
of iterations should be kept as small as reasonably possible in order to ensure sufficient resolution

enhancement and to avoid amplification of noise.

To combine the XDM images with CT, a standard FBP algorithm with a Ram-Lak filter was used to
reconstruct the 3D volume from the deconvolved images. In this case, FBP was chosen over state-of-the-
art iterative reconstruction methods in order to demonstrate the raw performance of the proposed XDM
method regardless of the choice of regularization parameters which may additionally affect the obtained
resolution. A Ram-Lak reconstruction filter was chosen since it aims to preserve high-frequency image

content.
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Figure 8.1: Illustration of the XDM method. (a) The sample is raster-scanned in front of the detector
with n sub-pixel sized steps. (b) - (d) During the stepping process, the object’s intensity
profile (solid black curve) is sampled at various positions and integrated over one pixel size
p. The vertical bars represent the intensity that is recorded in each detector pixel. After
sorting of the recorded raster-stepping images an image is obtained with pixel size of p/n
that can be described by spatially oversampling the sample structures with respect to the
detector pixels. A Richardson-Lucy deconvolution step is performed to restore the latent
XDM image (e).
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8.2 Determination of the PSF in oversampled images

8.2 Determination of the PSF in oversampled images

Considering the oversampling and the following deconvolution steps in XDM one needs to exactly
know the underlying PSF of the imaging system. Despite the small physical pixel size p = 55 pm
the PSF of the used MEDIPIX3RX-based detector system can be shown to be sufficiently close to a
box-function when operated in CSM. Due to the spatial symmetry of the detector pixels, the required
PSF can be characterized by a single one-dimensional (1D) line-spread function (LSF), extending the

along the detector rows and columns:

L)1 iffx| <p/2
LSF(x) & (8.3)
0 otherwise,

where z is the pixel coordinate on the detector. The resulting PSF is then described by a two-dimensional

box function with symmetry in the x- and y-direction.

To verify the assumption of a box-like PSF obtained after the PCD-based charge-sharing correction,
we have measured the LSF according to the widely used slanted-edge method [Sameil998|]. We used a
0.5 mm thick Gd foil as edge device, placed directly in front of the detector at an angle of approx. 2°
with respect to the detector columns. The edge images were processed following the procedure outlined
in [Sameil1998] to obtain the pre-sampling modulation-transfer function (MTFﬂ The left plot in figure
[8.2] shows the spatial extent of the observed line spread function along a detector row in units of the
pixel size p. Comparing the experimental data to a fit of a box function, the assumption of a box-like
PSF seems justified.

The shape and distribution of image noise in the reciprocal space given by the noise-power spectrum
(NPS) can also be used to characterize the sharpness of the detector PSF. Therefore, the NPS was mea-
sured in a flat region of the images with no object present according to the method in [|Garcia-Molla2011]].
Any extent of the PSF across pixel borders would result in an effective blurring of the intensity detected
in neighboring pixels. Therefore, short-range correlations in the vicinity of the Nyquist frequency
Ny = % with pixel size p would be introduced that lead to a reduced noise density at the associated

spatial frequencies. Accordingly, detectors with a broad PSF exhibit a drop-off of the NPS towards fy.

3Pre-sampling refers to the theoretical MTF of the image prior to the sampling of the object with the physical detector pixels
with finite pixel size. Thus, the obtained MTF is treated as continuous function and extends beyond the spatial frequencies
associated with the pixel size.
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Figure 8.2: Experimentally measured LSF and NPS of a MEDIPIX3RX-based PCD. The left plot
shows the determined LSF along the pixel columns of the MEDIPIX3RX-based LAMBDA
detector in charge summing mode, assembled with a 300 um thick Si sensor biased with
100V (solid line). The LSF was obtained using the slanted-edge method. As a reference,
the fit of the data to a box-like LSF with a width of one pixel is also shown (dashed line).
Furthermore, the flat NPS shown in the right panel also indicates a box-like PSF since
detector-caused blurring leads to an effective averaging between neighboring pixels. This
would result in a drop-off of the NPS at higher spatial frequencies close to the Nyquist

frequency fny.

In the case of the used PCD with charge-sharing correction however, the obtained NPS is flat over the
complete range of spatial frequencies. This behavior underlines again the box-like characteristics of the
PSF.

Other studies have also been presented on the resolution characteristics of a MEDIPIX3RX-based PCD
equipped with a GaAs x-ray sensor. There the authors have reported a MTF that appears not to be
related to a box-like PSF [Hamann2015]]. However, this result can be explained in part by the fact that
GaAs sensors produce x-ray fluorescence which also degrades the spatial resolution and cannot be fully
compensated by the CSM. Another issue affecting the obtained PSF in the aforementioned publications
is the fact that a Gaussian model was employed to fit the measured PSF data to mitigate noise effects.
This imposes a specific behavior on the resulting MTF curve, particularly a faster decay at higher spatial
frequencies. For the investigations presented here, no a-priori assumptions were made and the PSF

together with the resulting MTF have been directly obtained from the measured data.
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To guarantee validity of these results the influence of the finite x-ray source size must be negligible.

This influence can be described by the geometrical unsharpness A given by

A:JZ(M—U-S, (8.4)

where s is the source size, o the source-to-object distance, d the object-to-detector distance and M is
the geometric magnification achieved by the set-up.The blurring that is introduced by the geometrical
unsharpness should vanish within the noise floor of the detector images. In practice, the condition of
sufficiently small A is realized by maximizing o and minimizing d. In the studies presented here, an x-
ray tube with a geometrical source size of 0.4 x 0.4 mm? was used, operated constantly at 40 kV /30 mA.
The full length of the x-ray hutch was exploited placing the detector at a distance of 2.1 m from the source
and the object 15 mm in front of the PCD. This geometry resulted in an unsharpness of A = 2.9 ym or
5.3 % of the pixel size and could therefore safely be neglected.

Now, the full PSF imposed on the raster-scanned super-resolution images can be determined. After
n-fold raster-scanning, the pixel size in the XDM image becomes pxpy = p/n and the LSF imposed
on the latent XDM image is estimated to be again a box-function but with a width of n pixels in the

XDM image space:

1 if ‘IL” S anDM/Q
LSFXDM(.T) = (8~5)
0 otherwise.

To obtain a PSF in the raster-scanned images with the spatial extent of exactly npxpn in both the
x- and y-direction, it is crucial to ensure a sufficient positioning accuracy of the linear stages used to
perform the raster-scanning. Equation [8.5]relies on a equidistant and reproducible raster-scanning of
the sample. Any uncertainty in the positioning of the sample will result in a un-isotropic PSF and will
therefore decrease the achievable resolution. If not properly accounted for, such inaccuracies may cause

the deconvolution process to fail.
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Figure 8.3: MTF and NPS obtained with XDM at different scanning parameters n. (A) Shows the
measured MTF for different values of n. For larger n an increased contrast is observed for
larger spatial frequencies indicating higher resolution. The dashed black line marks the limit
of 5 % of the MTF used to quantify the resolution. The NPS associated with the images is
shown in plot (B). For n > 2 the curves show oscillations that are imprinted to the noise
spectrum during deconvolution by the box-like PSF.

8.3 Experimental characterization of x-ray deconvolution
microscopy

Measurement of limit resolution in XDM images

XDM images of the slanted edge were acquired for 1 < n < 5 with constant exposure time in each

scanning step.

In figure[8.3] A, the measured MTF is shown for n = 1,2, ..., 5. Only the MTF of the single-step image
with n = 1 shows the typical behavior expected for a box-like PSF. Several oscillations following a
sinc(pf) curve with the pixel size p and the spatial frequency f can be observed in this case. The MTF
associated with XDM images has a faster decay and the obtained contrast in the images is not completely
equivalent to the case of a detector with box-like pixels of size p/n. This arises from the fact that the

deconvolution step cannot perfectly restore the sub-pixel image due to the noise present in the recorded
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images. The well known noise amplification that is inherent to most maximum-likelihood algorithms
leads to mid-frequency nois that degrades the MTF in the deconvolved images. Furthermore the
performance of the deconvolution is examined by calculating the NPS for each number n of sampling
steps (figure [8.3] B ). The curves for each value of n end at the associated spatial Nyquist frequency
[Ny.n = n/p. The shape of the curve for n = 1 resembles a box-like detector pixel has already been
discussed in section In contrast, the NPS curves in XDM images are strongly non-linear with
oscillations similar to the sinc() behavior found in the MTF of a box-like pixel. This analogy can be
understood by taking the actual decomposition process into account. In the Richardson-Lucy algorithm,
a divison of the initial over-sampled but blurred image by the PSF that is obtained for suitable n using
equation Iteratively applying this process, the shape of the PSF is also imprinted onto the noise
structure. To determine the NPS in the Fourier transform of the deconvolved XDM images is taken,
leading to the oscillating behavior following the box boundaries. Additionally, the overall drop of the
NPS observed for XDM suggests small-range correlations between neighboring XDM pixels consistent
with the observations that we have described for the MTF.

The obtained resolution in terms of the smallest visible structure size Rj;yy,, the 5% MTF criterion was
applied to the measured curves of the XDM images. The observed MTF value should go to zero close to
the frequency % that corresponds to one XDM-pixel pitch. The resulting values are visualized in figure
[8.4] Fitting the data with a hyperbolic function proves that in the given range, the parameter n clearly
determines the achievable resolution Rj;y,:

Riim = p/n, (8.6)

where p is the original pixel size and we expect this result to hold true even for larger n. Larger values
of n > 5 could not be investigated using the particular experimental set-up since the used linear stages
for raster—scanninéf] only guarantee a reproducible positioning accuracy in the rage of 12 pm. Note that
in figure the resolution limit determined by the 5% MTF criterion is typically located below the
Nyquist limit for the given pixel size. Hence, aliasing might already be seen in this frequency range,

depending on the orientation and shape of the imaged pattern.

Additionally, the amount of noise present in the image was determined. For each n, an image region in
the background excluding any objects was selected and the standard deviation of the intensities relative

to the mean value in this region was measured and plotted as the bar chart in figure [§.4] In our study

“In the case of the Richardson-Lucy algorithm, several pixel wide speckles are often observed
SLTM 120-400, OWIS GmbH

117



8 X-ray deconvolution microscopy using photon-counting detectors

70 v ' ' ' :
\ m = m m Measured Res.

@)
-
T
|
[E—
(V)

N R Hyperbolic fit
\ B Image noise

0 I 2 3 4 5 0

XDM parameter n

D
-
1
]

W =
- -
. -

|
[E—
-

Resolution / um

(\®)
-
]
-
()

Rel. image noise / %

[U—Y
-

Figure 8.4: Limit resolution and noise in XDM images. The left axis in black shows the resolution
limit obtained at 5% MTF. The red bars indicate the amount of noise relative to the back-
ground intensity (right axis), depending on n. The minimum feature size decreases hyper-
bolically with n, whereas the noise does not depend on the XDM parameter.

the overall level of noise did not depend on the XDM parameter but stayed constant at approximately
0.7 % of the background image intensity. Due to keeping the exposure time constant at each of the n x n
scanning steps, the photon statistics in each ’pixel’ of the XDM images did not change compared to the
reference image. At the same time the total exposure time and x-ray dose to obtain a full XDM image
increases with the same factor n x n. The deconvolution step evidently does not introduce a bias to the
overall noise level in flat image regions. However, the spatial structure of the noise pattern might be

altered as discussed for the NPS curves.

Previous attempts to obtain sub-pixel resolution in x-ray imaging utilizing photon-counting or integrat-
ing detectors with sub-pixel raster-scanning yielded a much smaller increase of resolution as n becomes
larger. Furthermore, saturation of achieved sub-pixel resolution at higher raster-scanning parameters has

typically been reported until now. This is mostly due to the fact that previous implementations did not
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model the spatial response of the used detector system and thus could not incorporate an appropriate
deconvolution step [Bodensteiner2009, [Thim2011]]. Most detectors available today have a gaussian-
shaped PSF which is significantly wider than one pixel arising mostly from charge sharing in directly
converting sensors or lateral propagation of light in scintillators coupled to EIDs. In principle, the re-
sulting PSF after the raster-scanning can also be deduced for such systems. However, deconvolution
becomes more prone to noise amplification due to the higher number of iterations necessary for the
algorithm to converge. In addition, the MTF associated with a gaussian PSF drops faster compared to
PCDs with a box-like behavior. Therefore, information about high-frequency features in the object is
preserved better in images obtained with a box-like PSF. Considering radiation exposure and the ob-
tained CNR, the x-ray dose required to resolve such features therefore increases strongly in applications
with a gaussian PSF, although the high-frequency structures can generally also be enhanced in such
systems via deconvolution. This results in practical limitations when applying gaussian PSF detectors in
high-resolution biomedical x-ray imaging where radiation exposure is a critical limiting factor. Hence,
the nearly box-like PSF offered by some recent PCDs able to correct charge-sharing is one key feature

for the XDM method since access to higher spatial frequencies becomes much more efficient.

Projection microscopy of a Siemens-star

The capability of the proposed XDM method to enable x-ray projection microscopy will be demonstrated
using a Siemens star. Such an object consist of a radial pattern of strongly attenuating lines arranged
on a circular path where the line-density increases towards the center of the circle. A photograph of the
used Siemens star can be seen in figure The object consists of a cut-out Pb foil with a thickness
of 50 um embedded between two 1 mm acrylic plates. Spatial frequencies ranging from 0.5 Ip/mm to

11.5 Ip/mm are available within the structure.

To resolve the line pattern down to the lowest present spacial frequency at the center of the object, the
star was imaged with an raster-scanning factor of n = 3. Together with the used PCD this parameter
choice yields an XDM pixel-size of approximately 18 um and is sufficient to completely resolve a single
line with a width of 43 um at the star’s center. Figure [8.6] provides an comparison of the images in
the center region obtained from a standard radiography with pixel size 55 um and n = 1 (A), a raster-
scanned image without deconvolution (B) and the XDM image (C). Comparing the line patterns near
the center of the star, XDM is able to easily resolve the complete structure in the image while aliasing is
becomes visible in the standard image. The raster-scanning image without deconvolution already yields
an improvement in terms of resolution, however it is still strongly affected by correlations between

pixels and therefore suffers from lack of contrast.
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Figure 8.5: Photograph of the Siemens star used to assess XDM projection microscopy. The spatial
frequencies of the radial line pattern range from 0.5 Ip/mm at the edge to 11.5 Ip/mm close
to the center of the star. The magnified view of the center shows the region that was used to
assess the image quality of the XDM images. Aliasing of the structures is already seen in
the photography image in this figure.

To illustrate the effect of exploiting the complete XDM approach, the plot in figure [8.6] shows a com-
parison of the obtained patterns along the central segments of the marked lines in the three images.
Spacial frequencies of the line-pattern are increasing towards the center of the line, reaching a value of
11.51p/mm. The XDM image shows significantly improved contrast over a wide range of frequencies.
Especially for the higher frequencies, this results in a largely improved CNR and therefore, XDM has
an improved resolution limit than the corresponding raster-scanned image without deconvolution or the
standard radiography.

Micro-CT of a chicken bone

A chicken bone sample was imaged using XDM-CT with a 1D scanning factor of n = 5 perpendicular
to the rotation axis. The total diameter of the bone sample was approximately 5.5 x 7.5 mm?. According
to the 1D raster-scanning the voxel size within a given CT slice is decreased to 11 um while the slice
thickness is kept at the original pixel size. In a step-and-shoot acquisition, the total measurement time
amounted to approximately 12 hours while 1400 projections were recorded. The total exposure time was
fractioned equally between each of the raster-scanning steps. By re-binning the raster-scanned images

a reference image was reconstructed with resolution of the original pixel size p = 55 um and a 5-fold
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Figure 8.6: Results of the super-resolution imaging of the Siemens-star phantom based on the
XDM method. The region at the center of the star is shown by means of a standard radio-
graphy image using n = 1 as reference (A), a raster-scanned image using n = 3 without
deconvolution (B) and the complete XDM method (C). The plot below the images gives
a quantitative comparison between the obtained amplitudes along the central parts of the
marked line patterns in A — C. One feature of the XDM images is the superior contrast. In
the standard image, structure aliasing is clearly visible, as the amplitude drops to zero for
the highest spatial frequencies in the range of up to 11.5 Ip/mm.

increased photon count statistic.

As figure[8.7]shows, the XDM image is again superior in terms of contrast-to-noise ratio and resolution

regardless of the lower counting statistics in each scan step that contributed to the image.

Comparing our CT results to other work presented in the literature, it should be noted that an adapted
pixel model in iterative CT reconstruction (detector supersampling) can produce super-resolved images
at constant radiation exposure [VanAarle2014]]. However, the algorithmic formulation of the super-
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Figure 8.7: XDM-CT images of a chicken bone sample obtained using 40 kVp. A standard image
(n = 1) with increased photon count statistic was reconstructed after re-binning of the raster-
scans (A). The XDM image using n = 5 steps is shown in B. Despite the five-fold increase
in photon counts per pixel, the standard image shows reduced feature resolution and contrast
compared to the XDM image.

resolution reconstruction in [VanAarle2014| requires prior knowledge or assumptions about the sample
composition or density and does not allow for great variations of this value across the sample. Therefore,
this method can only be applied to the imaging of binary objects or at least objects consisting of
homogeneous materials such as micro-CT of bone. For general-purpose CT images, the proposed XDM

method is expected to yield improved results as is does not depend on any a-priori knowledge or
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assumption about the object’s composition.

8.4 Further improvements to the XDM method

As a generalization of the method, it would possible to combine XDM with the geometric magnification

of a cone-beam geometry. This scenario could have two major implications:

First, to reach a given resolution in micro-CT a smaller geometric magnification factor is required in
combination with XDM. The scanning FOV would be strongly increased especially in applications
where the object’s size limits the source-to-isocenter distance. As an example, a combination of a fairly
moderate geometric magnification of M = 5 and an XDM parameter of n = 4 realized in a set-up
using a PCD with a common pixel size in the order of 100 um would already be sufficient to obtain a
resolution of 5 um. In a conventional approach without employing XDM, at least a value of M = 20
would be required, which results in an unsharpness in the order of one or more detector pixels due to the
source blurring and lowers the overall image contrast. Using XDM instead will result in much sharper
images, since the inherent unsharpness is limited to a small fraction of the actual pixel size. Smaller
geometric magnification would also relax the requirements on the x-ray source. This allows for the use

of more robust and cheaper source technology in micro-CT equipment.

As a second scenario, a combination of a high geometric magnification and subsequent XDM with
highly accurate steps using e.g. piezoelectric sample positioning equipment might provide resolution
in the nanometer regime. Therefore however, the PSF no longer has a box shape and the blurring effect
from the x-ray source also needs to be considered. However, if the exact form and size of the focal spot is
known and the source is sufficiently stable, such effects might be incorporated into a more sophisticated

super-resolution reconstruction algorithm.
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9 Summary & Outlook

The focus of the presented work was set on the use of photon-counting detectors in spectral x-ray imag-
ing techniques.

The theory of spectral imaging and photon counting detectors is briefly recapitulated in the chapters 2]
and[3] From measurements in two or more energy bins, information about the underlying composition of
the sample in terms of the basic physical interaction processes (photoelectric absorption, scattering) can
be inferred. Thereby, spectral images tend to exhibit increased noise due to noise propagation and noise
in different spectral basis images can be shown to be anti-correlated. Besides their ability to divide the
incident x-ray spectrum into several energy bins, PCDs can provide better SNR by equal weighting of
all photons and the absence of dark current. Thereby, the distribution of photon counts is purely Poisson
and the dynamic range of the detector is extended down to zero photons.

In chapter[d]a clinical state-of-the-art dual energy CT scanner was evaluated in terms of image quality
and quantitative accuracy. This system is based on a recently introduced dual-layer detector concept
offering single-shot acquisitions of spectral projection data at each projection angle and the presented
measurements constitute the first in-depth characterization of this system. Thereby, a baseline for the
performance of today’s spectral imaging methods was set. The overall accuracy was high enough to
recover spectral imaging parameters (energy-dependent attenuation, contrast agent and effective atomic
numbers) with only a few percent bias and often exceeds the performance reported in the available
literature for other dual-energy systems. Explicitly worth mentioning is the behavior of CNR and noise
in VMIs. Following explicit consideration of anti-correlation of basis material images in the projection
space. Thereby, the noise curve is seemingly independent on VMI energy and only increases slightly
towards very low energies. Thereby, the CNR increases continuously towards lower energies yielding
more than two-fold improvement over the conventional images. This is to the best of our knowledge the
first observation of this behavior in VML

Chapter([5|gives an introduction to a simulation framework developed during this thesis to model spectral
imaging based on PCDs. With the background of still low availability and high cost of PCD systems,
many research applications benefit from the ability to properly predict the performance in specific imag-
ing tasks and thereby optimize the system design. Employing a CRLB analysis of the imaging system

based on a detailed and viable model for the spectral response function of the detectors, many parame-
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ters like the source spectrum, optimal energy threshold settings and calibration range can be optimized.
Furthermore, accurate simulation of images acquired using PCDs can assist in the development and
benchmarking of advanced spectral image reconstruction and postprocessing algorithms.

One key factor limiting the use of projection-based material decomposition in spectral x-ray imaging
is the requirement for extensive calibration or characterization efforts of the complete imaging system.
Therefore a new semi-empirical forward-model for spectral imaging was developed and discussed in
chapter [6| The model termed PLB is based on approximating the polychromatic x-ray spectrum by a
small set of discrete energies that are chosen such that the count number in each energy bin is accurately
reproduced with deviations significantly less than 1 % in simulation studies. Thereby the amount of
required calibration measurements could be reduced to a minimum and reliable decomposition results
could be obtained using less than 10 calibration points while offering good extrapolation properties
when the sample line-integrals exceed the calibrated range. MLE-based material decomposition using
the PLB model yields unbiased estimates for basis material line-integrals and achieves the CRLB. There-
fore we expect especially pre-clinical and micro-CT applications to benefit from the new model since
frequent changes in the set-up configuration require repeated re-calibration.

The techniques developed so far have been applied to various samples from a clinical and material scien-
tific context in experimental studies involving a commercial PCD with energy discrimination capability.
In chapter[7] the quantitative accuracy in the PLB model was evaluated experimentally yielding results
within a few percent of the nominal values of the material properties pe; and Zg. A large portion of the
inaccuracies can be attributed to drifts of the detector’s spectral response over time and the influence of
scattered radiation on the spectral basis material images. Especially applications in the material science
and NDT area showed very promising results concerning the reduction of beam-hardening artifacts and
CNR enhancement in spectral CT.

Finally unique features of PCDs other than spectral resolution were investigated in terms of potential
novel applications in x-ray imaging. Chapter [§|presents a new approach to x-ray microscopy exploiting
the box-like shape of the PSF in detectors offering on-chip charge sharing correction. After a n-step
raster scanning of the sample, deconvolution of the acquired images with the exactly predictable and
sharp PSF is able to recover images with sub-pixel resolution. The achievable resolution is shown to
be proportional to n which outperforms similar methods reported so far where the final resolution was
reported to saturate after a small number of n. This approach could have many possible applications
ranging to ultra-high resolution imaging in material science to clinical application requiring visualiza-

tion of fine details, e. g. micro-calcification in mammography.

Besides further refinements to spectral imaging methods, future challenges will involve the identifi-

cation of applications where PCD-based imaging will provide the biggest improvement in terms of
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image quality and ideally make available image information that was formerly not accessible using
conventional imaging approaches. The most promising among such applications is the use of mul-
tiple contrast agents that can be distinguished from one another via their different absorption edges.
As an example, two contrast agents (Gd and I) can be employed to identify neoplastic masses in CT
colonography [Muenzel2016]. In pre-clinical research, different functionalized stains that bind to spe-
cific types of biological tissues or metabolites can be labeled using multiple high-Z elements. Thereby,
images much like in classic histology can be obtained, however in a non-destructive way and in 3D
[Schirra2014a, |S1lva2015, [Handschuh2017].

In order to enable wide-spread use of PCD-based spectral imaging by providing high quality basis
material images, elaborate postprocessing is typically required to reduce noise amplification during
material decomposition. Today’s approaches typically separate the processes of material decomposi-
tion, tomographic reconstruction and de-noising while many still operate in image space. However, the
statistical information present in the tomographic measurements could be exploited better when those
processes are performed jointly. Recently, preliminary results have been presented [Mechlem2016] of a
joint material decomposition and statistical iterative reconstruction (SIR) using a statistical model of the
acquired projections. Such methods work both in projection and image space and can fully exploit all
available information, leading to significantly improved image quality. Especially for low-dose scans,
state-of-the-art spectral systems are limited by statistical bias [Rajbhandary2015]. Joint SIR can help to
overcome this limit, but has to be benchmarked thoroughly in future studies. In SIR noise is suppressed
by penalizing small-scale differences between reconstructed values in neighboring pixels. This proce-
dure is known as regularization and should result in a more or less smooth appearance while preserving
edges from real image features. Future research into the application of SIR in spectral imaging will need
to address the problem of regularization. As distinct features in the objects do not necessarily occur in
all basis material images altogether, cross-talk between basis material images can then occur. It is still
an open question today how a joint regularization of all basis material images should be performed to

limit such a cross-talk.

As pointed out at several occasions throughout this thesis, spectral x-ray imaging makes basic material
properties like the electron density directly accessible. Besides material decomposition based on energy
discrimination, x-ray phase contrast and dark-field imaging also yield information about an object’s
electron density and scattering power [Pfeiffer20006, [Pfeiffer2008, Sarapata2014]. It has already been
demonstrated that those techniques also benefit strongly from spectral information provided by PCDs in
terms of CNR enhancement and artifact reduction [Weber201 1, [Pelzer2013]]. A fully spectral MLE com-
parable to equation[2.28 has been presented in [Epple2015] for the electron density based on x-ray phase
contrast measurements in several energy bins. However, noise propagation and correlation in phase-

contrast images is fundamentally different from spectral attenuation-based imaging [Koehler2011]]. By
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properly modeling the statistical behavior of each measurement these differences could be exploited
jointly to improve image quality and quantitative accuracy for both settings. Therefore, both methods
will potentially benefit from a joint estimation of material properties in a spectral x-ray phase contrast

set-up available in the future.
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