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CHAPTER 1. INTRODUCTION

1 | Introduction

Computed tomography (CT) is an imaging modality developed by Godfrey N.
Hounsfiled (Hounsfield 1972) and Allan M. Cormack (Cormack 1963), who were
awarded with the Nobel prize for Medicine in 1979. CT exploits X-ray to measure
the 3D distribution of the attenuation coefficient of matter in a non-invasive/non-
destructive way, and has countless applications in both the medical and industrial
fields. Because of its high spatial and temporal resolution, and relatively short
acquisition times, CT is one of the most essential imaging modalities in clinics,
with around 300 million examinations performed every year (Shahid et al. 2020).

Approximately 40% of CT scans are performed with the injection of contrast
agent, which distributes in different tissues and locally enhances the attenuation
coefficient thanks to the contained heavy element. Contrast agents are used
for cardiovascular imaging, detection of organ perforations, cancer monitoring,
and patient triage in emergency settings. All the contrast agents approved for
intravascular injection in CT are based on iodine. The first iodine-based contrast
agent was developed by Guerbet in 1901 shortly after the discovery of X-rays
(Röntgen 1898). In the past century, iodine-based contrast agents have been
thoroughly investigated and developed to improve their safety profile and effi-
ciency. Despite more than one century of research, the fundamental structure
containing the iodine (tri-iodinated benzene ring) remained almost unchanged.
From a physical point of view, iodine may not the best heavy element concerning
the x-ray attenuation properties. One of the main properties to consider is the
presence of a K-edge in the diagnostic energy range (20 keV-150 keV). The K-edge
is a rapid increase of the attenuation coefficient, and for iodine it is located at
33.2 keV, which is at relatively low energy if compared to the usual X-ray spectra
used in CT. Other elements, heavier than iodine and with a K-edge at higher
energies, may in principle provide more contrast and other benefits than iodine.
The possibility of exploiting heavier elements as contrast agent has to face the
challenge of biocompatibility, since some of them are toxic or not stable. Recently,
structures like nanoparticles and liposomes have been investigated to densely pack
a specific element and increase its biocompatibility (Bhavane et al. 2013; Aydogan
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et al. 2010; Rabin et al. 2006). Nanoparticles can be manufactured with a size up
to hundreds of nm, which is much larger than the size of usual iodinated contrast
agents, which is between 1.3 nm and 2.1 nm (Fitzgerald et al. 2016). Therefore,
nanoparticle agents are cleared from the system via the liver and not by the faster
renal system. This means that their circulation time is much longer than usual
contrast agents. This behavior is defined as blood-pool, and it is of interest for
cardiac imaging, especially for preclinical applications. An additional coating
can be applied to nanoparticles to improve their biocompatibility, to increase the
circulation time, or to target specific tissues.

Another recent innovation in CT has been the introduction of photon-counting
(PC) detectors (Ballabriga et al. 2016), which substantially differ from conventional
energy-integrating (EI) detectors commonly used in state-of-the-art scanners. PC
detectors are based on a semiconductor technology that allows, in combination
with a fast front-end electronic, individual photon counting and assigns to each
detected photon an equal weight. Conversely, EI detectors use scintillators cou-
pled with photodiodes, which generate a signal proportional to the energy of
the impinging photon. Furthermore, the signal generated by all the photons
detected within one time frame is integrated and the information about each
individual photon is lost. PC detectors have many advantages compared to EI
detector, especially concerning image noise (Klein et al. 2020), spatial resolution
(Mannil et al. 2018) and iodine contrast (Sawall et al. 2020b). One of the main
features of PC detectors is the possibility to have adjustable energy thresholds
in the front-end electronic. Such thresholds can be used to classify the detected
photons in different energy bins according to their energy and therefore obtain
spectral information. Spectral imaging is achievable also with EI detectors, but
using strategies like dual-source CT, rapid kV-switching, twin beams, or sandwich
detectors (Faby et al. 2015). Spectral information can be used to differentiate
between materials whose attenuation coefficients have different dependencies on
the photon energy. This process is called material decomposition (Alvarez et al.
1976; Roessl et al. 2007) and it is extremely valuable in scenarios when two
different materials or tissues have the same attenuation value, hence no contrast
is present. One of the main examples of this situation is the imaging of calcified
plaques, which may have the same attenuation of the iodine-enhanced vasculature.
This can lead to an underestimation of the eventual stenosis caused by the plaque
or the plaque can remain undetected (De Santis et al. 2019).

The combination of new high-Z contrast agents and novel PC detectors can
unlock new imaging technologies and provide new diagnostic information. The
K-edge of elements heavier than iodine is at higher energies, and can therefore
become accessible for diagnostic x-ray imaging. This means that such high-Z
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CHAPTER 1. INTRODUCTION

elements may provide more contrast than iodine at the same concentration and
can also be used for material decomposition purposes. In fact, the spectral infor-
mation provided by PC detectors can be used to detect a K-edge (Schlomka et al.
2008) and to generate the material map of the corresponding element (K-edge
imaging). In case such element is embedded in a nanoparticle for a contrast agent,
it is possible to obtain the 3D distribution of the agent. If the energy resolution
of the PC detector is sufficient, multiple K-edge elements can be simultaneously
decomposed and multi contrast agent imaging can be achieved. This fascinat-
ing possibility is being investigated and examples can already be found in the
literature. In a swine study, Ren et al. 2020 administered iodine via intravascular
route and bismuth via enteric route. The two materials have been simultaneously
decomposed to generate maps of the vasculature enhanced by the iodine and
of the intestine lumen enhanced by the bismuth. In another example, Symons
et al. 2017b tested on rabbits a multi contrast agent protocol for multi-phase liver
imaging with a single CT acquisition. In the study, iodine and gadolinium-based
agents were injected at different times so that the portal phase could be visualized
in the iodine map (injected first) and the arterial phased could be visualized in
the gadolinium map (injected 12 s after the iodine).

In this thesis, the development of new contrast agents in combination with
the new PC technologies is addressed both at a preclinical and clinical level. In
preclinical settings, a novel nanoparticle contrast agent based on bismuth is tested
for the first time in-vivo. To perform the mice experiments, an experimental
gantry equipped with a PC detector is designed and assembled. The new micro-
CT is used to characterize the biodistribution of the bismuth-based agent in
healthy mice and time-enhancement curves are measured for the main organs.
Furthermore, a protocol for multi contrast agent imaging is herein designed and
a proof of concept on mice is also provided. In clinical settings, the potential of
several high-Z elements heavier than iodine is investigated specifically for contrast
enhancement applications. The contrast provided by each element is compared
to the gold standard iodine using simulations and phantom measurements at a
whole-body PC-CT Siemens prototype. The potential radiation dose reductions
associated with contrast improvements are quantified as well. Furthermore, for
each high-Z element, a two material decomposition with soft tissue was performed
and evaluated. Then, to investigate a wide range of scenarios for contrast-enhanced
CT, a systematic investigation is carried out by varying tube voltage, spectrum
prefiltration, patient size, and energy threshold settings. In the end, the results for
a PC detector are compared to the results previously obtained for EI detectors.

3





CHAPTER 2. FUNDAMENTALS

2 | Fundamentals
This chapter provides an introduction to x-ray and how they are used for CT
imaging. Furthermore, the novel photon-counting detectors are described and the
usage of contrast agents in CT is discussed.

2.1 X-ray Computed Tomography
X-ray radiation has been discovered by W. C. Röngten at the end of the 19th
century (Röntgen 1898) and consists of photons with energy between 100 eV
and several MeV. X-rays are extensively used for medical and industrial imaging
thanks to their ability to traverse the matter and to be attenuated according to
the matter’s properties.

2.1.1 X-Ray Generation

In medical applications, x-rays are generated using an x-ray tube. In these devices,
a high voltage (U , 10-150 kV) is applied between an incandescent cathode and
a tungsten-alloy anode, both placed in a vacuum tube. The electrons emitted
by the cathode are accelerated towards the anode by the tube voltage up to an
energy of e · U , where e is the elemental charge. Once the electrons impinge on
the anode, they dissipate the ∼ 99% of their energy as heat and the remaining
1% as bremsstrahlung radiation. Also, some characteristic fluorescent peaks are
generated by the relaxation of the excited atoms of the anode, and they contribute
to the x-ray spectrum generated by the tube. The fluorescent peaks are denoted
according to the final shell of the transition (K for the innermost shell, L for
the second, M , ...), the difference between the initial and the final shell (α = 1,
β = 2, ...) and the fine structure of the sub-shells (1, 2, ...). In Figure 2.1, a
typical 120 kV x-ray spectrum used in the clinic is shown. It is possible to see how
the maximum energy of the bremsstrahlung spectrum is given by the maximum
energy of the accelerated electrons inside the tube. For the specific tungsten
target, the characteristic fluorescent peaks are visible in correspondence of the
transition to the innermost shell (K).
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2.1. X-RAY COMPUTED TOMOGRAPHY

Figure 2.1: Example of a 120 kV x-ray spectrum used clinically. The
spectrum modeled for a reflection tube and it is filtered according to the
specification of the Siemens SOMATOM CounT (6.8 mm Al, 1.0 mm C,
0.7 mm Ti and 0.008 mm W). The fluorescent peaks of tungsten are visible
and over imposed to the continuous bremsstrahlung emission.

X-ray tubes can be divided into transmission and reflection tubes, according to
the anode geometry. In the transmission tube, the anode consists of a thin slab
(∼10 µm) of tungsten: the electron beam impinges on one face of the anode, and
the x-ray beam exits from the other face of the slab. In the reflection tube, the
anode is a thick layer of tungsten on which the electron beam impinges at an
angle (∼ 7 ◦) and the x-ray beam is collected at 90 ◦ from the electron beam
direction. Reflection tubes can also be equipped with a liquid-cooled rotating
anode, which provides better heat dissipation. This is a requirement for clinical
and big industrial applications, where a high photon rate is needed. Transmission
tubes are used instead in low-power applications, like preclinical imaging, where
the imaging system can benefit from the smaller focal spot size.

2.1.2 X-Ray Interaction with Matter

When x-ray photons travel through matter, they are exponentially attenuated
according to the Beer-Lambert law (Beer 1852, Lambert 1760). In the simple
case of monochromatic radiation and homogeneous absorber, the Beer-Lambert
law is:

N(L) = N0 · e−µ·L, (2.1)

where N0 is the incoming number of photons, and N(L) is the number of photons
transmitted through an absorber thick L with attenuation coefficient µ. The
attenuation coefficient µ is measured in inverse-length units and describes the
attenuation properties of the material. In the diagnostic energy range (20 keV
- 150 keV), the main photon-matter interactions that contribute to µ are the
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CHAPTER 2. FUNDAMENTALS

Figure 2.2: Attenuation coefficient of water with the individual contribu-
tions by the photoelectric effect, Compton scattering and Rayleigh scattering.

photoelectric effect, the Compton scattering, and the Rayleigh scattering, whereas
pair production processes do not take place since they require photon energy
higher than 1022 keV.
In detail:

• Photoelectric effect: absorption of a photon by an atom, with consequent
emission of an inner-shell electron (K or L shell). This process is possible
when the photon energy E is higher than the binding energy Eb of the
electron. The emitted electron is removed from the shell with a kinetic
energy T = E − Eb. The photoelectric attenuation coefficient µPH is:

µPH ∝ ρ
Z4

A · E3 , (2.2)

where E is the photon energy, and ρ, A, and Z are the material density, the
atomic mass, and the atomic number of the material, respectively. Due to
the strong dependency on the photon energy and on the material atomic
number, the photoelectric effect is more relevant for heavier elements or at
lower energies (Figure 2.2). A sharp increase in the attenuation coefficient
can be seen if the binding energy of an electron is in the energy range of
interest. This is the case of high-Z materials like iodine, gadolinium, bismuth,
whose binding energy of the K-shell electrons is at 33.2 keV, 50.2 keV, and
90.5 keV, respectively. In these cases, the sharp increase of the attenuation
coefficient is called K-edge (Figure 2.3).

• Compton scattering: inelastic scattering of a photon on an atomic elec-
tron of the outermost shells. The attenuation coefficient due to the Compton
scattering µCS is:

µCS ∝ ρ
Z

A · Em
, (2.3)
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2.1. X-RAY COMPUTED TOMOGRAPHY

Figure 2.3: Attenuation coefficients of elements with the K-edge in the
diagnostic energy interval. The K-edge of a 10 mg/mL water-solution of
iodine is visible at 33.3 keV, the one of gadolinium at 50.2 keV and the one
of bismuth at 90.5 keV. The attenuation coefficient of water is displayed as
well for comparison.

with 0 ≤ m ≤ 1 (Attix 1986, p. 140). Since the ratio Z/A is almost constant
for stable elements, the Compton scattering is almost independent of the
specific material. As it can be seen in Figure 2.2, the Compton scattering is
the most relevant effect for water in the diagnostic energy range.

• Rayleigh scattering: elastic scattering of a photon on an atom. The
photon does not lose energy and its direction is only slightly changed. The
attenuation coefficient due to Rayleigh scattering is (Attix 1986, p. 153):

µRS ∝ ρ
Z2

A · E2 . (2.4)

In medical imaging, the contribution of the Rayleigh scattering to the
overall attenuation is minimal (Figure 2.2). Furthermore, since the photon
is elastically scattered, it does not deposit any dose in the patient.

Since the attenuation coefficient of matter is energy-dependent, Equation (2.1)
can be rewritten to calculate the transmitted photons for a polychromatic spectrum
N0(E):

N =
∫ Emax

0
dEN0(E)e−µ(E)·l, (2.5)

where Emax is the maximum energy of the spectrum.
In realistic scenarios, the object being transverse by x-rays is not homogeneous
and µ is a function of the position r inside the object. By integrating along the
path L of a ray, we obtain the Beer-Lambert law for polychromatic spectrum
transmitted through a heterogeneous object:

N =
∫ Emax

0
dEN0(E)e−

∫
L
µ(r,E)·dl. (2.6)
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In transmission imaging, the x-rays transverse the object to be imaged, get
attenuated, and then are collected by a pixelated detector. The Beer-Lambert
law in Equation (2.6) models the photons transmitted through the object, but
not the photons detected by the detector. The detection process will be described
in the following section.

2.1.3 X-Ray Detection

The aim of detectors is to absorb x-ray photons and convert them into a measurable
electric signal. In order to quantify the fraction of photons that are detected,
Equation (2.5) can rearranged into:

η(E) = 1− e−µDet(E)·d, (2.7)

where η(E) is the detection efficiency of photons of energy E, µDet(E) is the
attenuation coefficient of the detector and d is its thickness. This simple definition
of the detection efficiency does not take into consideration the inter-pixel exchange
of energy or the escape of fluorescent photons. These effects will be treated in
detail in Section 2.2.1.
The detection of photons can be achieved using two different technologies: indirect
and direct conversion.

Indirect conversion: this is the technology generally used in clinical CT
scanners. It is defined indirect because the x-ray photons interact with a pixelated
scintillator generating multiple visible photons which are then detected by photo-
diodes (Figure 2.4, left). An x-ray photon of 100 keV usually generates 103 - 104

visible photons which are guided towards the photodiode thanks to the reflective
layers covering the top and the sides of each pixel. For a Gd2O2S scintillator
coupled with a photodiode, the signal detected for each photon has a width of
∼ 2500 ns. This duration is long compared to the incoming photon rate, therefore
the signal generated by photons within the readout time is integrated (Knoll
2000, p. 816). Since the number of optical photons generated in the scintillation
process is proportional to the energy of the incoming photon, these detectors
are also called energy-integrating (EI) detectors. The intensity measured at the
photodiode can therefore be evaluated as:

I =
∫ Emax

0
E · η(E)N0(E)e−

∫
L
µ(r,E)·dldE, (2.8)

where the Beer-Lambert law is combined with the detection efficiency and the
factor E due to the scintillation process.
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2.1. X-RAY COMPUTED TOMOGRAPHY

Figure 2.4: Schematics of an energy-integrating detector (left) and of a
photon-counting detector. For the energy-integrating detector, the x-ray
photons interacting with the pixelated scintillator are converted into multiple
visible photons which are then detected by the photodiodes. For the photon-
counting detector, the x-ray photons interacting with the semiconductor are
converted into electron-hole pairs. The cathode and the anode (pixelated)
collect the electron-hole pairs thanks to the applied bias voltage. On the
surface of both detectors, an antiscatter grid is present.

Direct conversion: this technology is based on a semiconductor layer on
which a bias voltage (500 V - 1000 V) is applied through electrodes. Only the
anode is pixelated, whereas the cathode and the semiconductor layer are solid
(Figure 2.4, right). Since there is no need of a reflective layer in the semiconductor,
the pixels can be manufactured with a smaller size compared to EI detectors.
When an x-ray photon interacts with the semiconductor, electron-hole pairs are
generated and then collected by the electrodes. Thus, a current proportional to the
photon energy can be measured. The pulse generated by each photon (∼ 25 ns for
CdTe) is much shorter than the one generated for an indirect-conversion detector,
therefore single photon-counting (PC) is possible with direct-conversion detectors.
Each pixel of the PC detectors is equipped with multiple energy thresholds (2
to 4 thresholds) which can be used to sort the detected signal according to its
energy. Therefore each individual photon can be classified into different energy
bins. For PC detectors, the signal detected in the energy bin b, defined by a lower
energy Eb and an upper energy Eb+1, is:

Ib =
∫ Eb+1

Eb

η(E)N0(E)e−
∫

L
µ(r,E)·dldE. (2.9)

As it will be explained in Section 2.2.1, some further effects must be taken into
account in order to model a realistic response of a direct conversion detector.
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CT prototypes equipped with PC detectors are being investigated for CT applica-
tions (Z. Yu et al. 2016a, Kappler et al. 2014), and recently (November 2021) the
first whole-body PC-CT scanner has been released on the market (NAEOTOM
Alpha by Siemens Healthineers, Forchheim, Germany). Direct-conversion PC
detectors and their potentials in clinical CT will be treated in detail in Section
2.2.

2.1.4 CT System

X-ray computed tomography (CT) is a transmission imaging-modality developed
by Sir Godfrey N. Hounsfield (Hounsfield 1972, Hounsfield 1973). Since its intro-
duction for clinical applications, CT became an indispensable tool for visualization
of the inside of the human body, and nowadays is the imaging modality mostly
used in radiology departments (Buzug 2008, p.1). A clinical CT system is com-
posed of an x-ray source and a detector mounted on the opposite sides of a rotating
gantry. The gantry is hollow at the center in order to accommodate the sample
to be imaged (Figure 2.5). In industrial applications instead, the source and the
detector are stationary, whereas the sample is placed on a rotating platform.
In CT, the detector measures the intensity I of the x-ray attenuated by the
sample (Equation (2.8), (2.9)), which is normalized by a flat field acquisition I0
(acquisition without the sample), and then used to calculate the projection value
p = − ln(I/I0). The monochromatic version of the Beer-Lambert law (Equation
(2.1)) can be used to express the projection value as the line integral of the
attenuation coefficient of the object:

p = − ln I

I0
=
∫
L
µ(r, E0) · dl, (2.10)

where E0 is a defined energy. By rotating the gantry around its axis (z) , it is
possible to acquire all the line integral on a 2D plane through the object (x− y
plane). For a parallel-beam geometry, a rotation of 180◦ is sufficient, whereas for
a fan-beam geometry the rotation should be of 180◦ plus the fan angle. With
a complete set of line integrals it is possible to reconstruct the 2D distribution
of the attenuation coefficient µ(r, E0) using a filtered backprojection algorithm
(Radon 1971, Ramachandran et al. 1971).
Since the human body is mostly composed of water-equivalent materials, it is
very practical in clinical CT to express the reconstructed attenuation coefficients
µ relative to the attenuation coefficient of water µH2O. This relative number is
called CT-value and is calculated as:

CT = µ− µH2O

µH2O
· 1000 HU, (2.11)
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Figure 2.5: Schematic of a CT scanner. The x-ray emitting source moves
on a circular pattern around the sample to be imaged. On the opposite
side, the detector measures the transmitted spectrum for each angle and the
projection values p(x) can be calculated.

where HU is the Hounsfield unit. By applying this conversion, water will have a
CT-value of 0 HU, air (considered vacuum) −1000 HU, and bone ∼500 HU and
higher.

2.2 Photon-Counting CT
Photon-counting (PC) detectors (introduced in Section 2.1.3) have a huge potential
for clinical CT applications (Taguchi et al. 2013, Willemink et al. 2018, Lell et
al. 2020). The PC detectors are based on the direct detection of photons in a
semiconductor layer (usually CdTe). The fast front-end electronics associated
with each pixel allow for single photon-counting and therefore an equal weight
is assigned to each detected photon. Conversely, the energy-integrating (EI)
detectors assign a weight that is proportional to the photon energy, and the
signals of all photons detected within one frame are integrated. In recent years,
PC-CT has been thoroughly investigated and compared to the state-of-art EI-CT.
Advantages of PC-CT over conventional EI-CT have been already shown regarding
image noise (Klein et al. 2020), spatial resolution (Mannil et al. 2018) and iodine
contrast enhancement (Sawall et al. 2020b). Furthermore, each pixel of a PC-
detectors can be equipped with multiple and adjustable energy thresholds. This
feature allows classifying the detected photons in different energy bins according
to the photon energy, thus providing spectral information. Spectral imaging is
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possible also with EI-detectors, but different acquisition techniques have to be
used, like dual-source, kV-switching, or sandwich detector (Faby et al. 2015). The
spectral information may be used to differentiate the different materials of the
imaged sample. This process is called material decomposition and it is especially
of interest in clinical CT.
In this section, the response of PC-detectors will be analyzed in more detail and
the material decomposition process will be described.

2.2.1 Spectral Response and Bin Sensitivity

The spectral response of a detector R(E ′, E) is the ratio between the amount of
photons N(E ′, E) detected at energy E ′ when N(E) photons at energy E impinge
on the detector:

R(E ′, E) = N(E ′, E)
N(E) . (2.12)

For an ideal detector, the spectral response is a Dirac delta function δ(E−E ′), and
corresponds to a complete photoelectric absorption of the incoming photon (Figure
2.6). In realistic scenarios, several physical effects must be taken into account, like
noise, charge sharing, fluorescent peaks, K-escape peaks, and Compton scattering
(Ballabriga et al. 2016). A realistic spectral response can be estimated using
Monte Carlo simulations (Nilsson et al. 2002), parametric models calibrated on
measurements (Roessl et al. 2007) or increment matrix approaches (Faby et al.
2016). A spectral response at 100 kV calculated using the latter method is shown
in Figure 2.6 for a CdTe detector with a pixel size of 225 µm. It is possible to
see the photopeak at 100 keV, the Kα-fluorescence peak of cadmium at 25.4 keV,
the K-escape peak at 74.6 keV and the noise peak around 0 keV. The background
is due to the Compton scattering and to the charge sharing. It is important to
notice that the sum of the spectral response over the different energies can be
higher than 1 since a single photon can be counted multiple times if its signal
is shared between multiple pixels. The pixel size plays an important role in the
spectral response: with smaller pixels, it is more likely that K-fluorescent photons
escape the origin pixel or that the charge cloud generated in the semiconductor is
shared between adjacent pixels. This phenomenon will be observed in Sections
3.3.3 and 3.1.1, where the spectral response is calculated for PC-detectors with
different pixel sizes.
A more practical quantity to be used in realistic scenario is the bin sensitivity
sb(E), which is defined as the fraction of photons of energy E detected in the b-th
energy bin. The spectral responses can be used to calculate the bin sensitivity
according to the chosen energy thresholds:

sb(E) =
∫ Eb+1

Eb

R(E ′, E)dE ′ , (2.13)
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Figure 2.6: Left column: examples of the spectral response of an ideal (top)
and realistic (bottom) PC detector. The spectral responses are evaluated
for incoming photons at 100 keV. Right column: examples of the bin sensi-
tivity on an ideal (top) and realistic (bottom) PC detector with two energy
thresholds set at 20 keV and 50 keV. In the realistic scenario, the photons
with energy higher than 50 keV contribute to the low energy bin as well.
The total sensitivity is displayed as well.

where Eb+1 and Eb are the upper and lower threshold of the b-th energy bin,
respectively. An example of bin sensitivity is given in Figure 2.6 for T0 = 20 keV
and T1 = 50 keV. The photons with energy higher than 50 keV contribute not only
to the high-energy bin but also to the lower one because of the effects previously
mentioned (e.g. charge sharing). The detection efficiency of the detector (Equation
(2.7)) is included in the spectral response and therefore in the bin sensitivity. This
can be noticed since the sum of the two bin sensitivities decreases at energies
higher than ∼70 keV. As for the spectral response, the bin sensitivity exceeds 1
at certain energies because of multiple counts due to the charge sharing.
The bin sensitivity is very useful since it can be multiplied to the spectrum in the
air to calculate the detected spectrum for each energy bin.

2.2.2 Material Decomposition

As described in Section 2.1.2, the attenuation coefficient of matter µ(E) in
the diagnostic energy range is mainly a combination of photoelectric effect and
Compton scattering. This means that the distribution of µ(r, E) within a sample
can be expressed as linear combination of µPH(E) and µCS(E) (Alvarez et al. 1976,
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Roessl et al. 2007):

µ(r, E) = aPH(r)µPH(E) + aCS(r)µCS(E), (2.14)

where aPH(r) and aPH(r) are the weights describing the spatial distribution of
the two basis functions µPH(E) and µCS(E). Other basis function can be chosen
under the condition that they are linearly independent. In clinical scenario, a
more practical and common choice is to use the attenuation coefficients of water
µH2O(E) and calcium µCa(E). In good approximation, all the biological materials
can be described as a linear combination of these two basis functions (Willemink
et al. 2018).
Equation (2.14) holds true if no K-edges are present in the used energy range. In
clinical practice, it is common to deploy contrast agents based on iodine (Section
2.3), which has a K-edge at 33.3 keV. In this case, the attenuation coefficient
of iodine µI(E) must be included as a basis function to properly describe the
attenuation coefficient of the specimen:

µ(r, E) = aH2O(r)µH2O(E) + aCa(r)µCa(E) + aI(r)µI(E), (2.15)

where aI(r) describes the spatial distribution of the iodine. The previous equation
can be extended to an arbitrary number of basis function M with the condition
that all the basis function must be linearly independent:

µ(r, E) =
M∑
m=0

am(r)µm(E). (2.16)

As for the iodine, materials with a K-edge in the used energy range are always
independent of any other material.
The material decomposition process consists in solving Equation (2.16) in order
to obtain am(r), which is the spatial distribution of the m-th material, usually
called material map. For this purpose, it is fundamental to sample the attenuation
coefficient of matter at different energies Eb, so that a system of equations can
be written and inverted. For a PC detector, the sampling energies Eb are the
energy bins defined by the different energy thresholds, whereas for a dual source
EI-CT, two sampling energies are obtained by using two different spectra. The
number of energy samples must be equal to or higher than the number of basis
materials, otherwise, the system is under-determined. Exceptions can be made if
extra constraints are introduced in the system, like mass conservation (Liu et al.
2009) or volume conservation (L. Yu et al. 2009).
The material decomposition can be performed in projection domain or in image
domain. In projection domain, the material decomposition takes place before the
image reconstruction. A maximum-likelihood algorithm (Schlomka et al. 2008) is
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Figure 2.7: Example of material decomposition. Left: bin images of a
water phantom filled with iodine inserts. Right: material maps of water and
iodine.

used to estimate the integral form of am(r):

Am =
∫
L
am(r) · dl, (2.17)

where L is the ray path (as in Equation (2.6)). Then, the material map of
the m-material is reconstructed using the same algorithms used for CT-image
reconstruction. In image domain, the material decomposition takes place after
the image reconstruction and it consists of the inversion of the system (2.16).
In order to write the system, the basis materials µm(Eb) should be known for
all the energy bin b. This can be easily achieved by performing a calibration
measurement of known samples containing the basis materials. An example of
material decomposition is shown in Figure 2.7: a mouse-sized water phantom with
three inserts with different iodine concentrations was imaged with a PC detector
and two energy thresholds. The high and low energy bin images were used to
perform an imaged-based material decomposition into water and iodine. As it
is possible to notice, by performing a material decomposition the image noise
increases.

2.3 Contrast Agents in CT
Contrast agents play an essential role in diagnostic imaging since they allow (e.g.)
imaging of the cardiovascular system, the detection of perforations of organs,
and dysfunction of the esophageal sphincter. More than 85 million CT scans are
performed in the USA every year, and approximately half of them are performed
with the injection of intravenous contrast agents (Yeh et al. 2017).
The only contrast agents approved in CT imaging are based on iodine (Z = 53)
for intravenous injection, and on barium for oral ingestion (Z = 56). Such agents
have been thoroughly investigated during the past century in order to increase
their biocompatibility and their efficiency. Despite the continuous development,
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Figure 2.8: Right: four molecules of iodinated contrast agent commercially
available. All the molecules are based on tri-iodinated benzene rings. Right:
example of a generic coated nanoparticle filled with atoms of a high-Z element.
Adapted from Yeh et al. 2017

the fundamental structure of the molecules containing the high-Z element (tri-
iodinated benzene rings and barium sulfate) remained almost unchanged (Lusic
et al. 2013). Four examples of contrast agent molecules based on the tri-iodinated
benzene ring are displayed in Figure 2.8 left.

2.3.1 High-Z Elements

Iodine and barium have a K-edge at 33.2 keV and 37.1 keV, respectively. Such
energies are low compared to the spectra usually used in clinical CT. If an average
patient is modeled as a water cylinder with a diameter of 32 cm, it is possible
to see how the 90 % of the transmitted photons of a 100 kV spectrum are above
50 keV (Figure 2.9). This means that from a strictly physical point of view,
iodine and barium may be not the best choice when considering x-ray attenuation
properties. Poor attenuation may also be provided by elements with K-edges
at too high energy compared to the transmitted spectrum. This can be seen in
Figure 2.9, where also the attenuation coefficient of bismuth is shown.
The interest in developing new contrast agents arose since the introduction of dual-
energy CT, and further increased with the introduction of PC detectors. With
these technologies, it is possible to sample the attenuation coefficient of matter at
different energies and therefore perform material decomposition. As explained in
Section 2.2.2, if an element has a K-edge in the range of used energy, it can be
exploited as an additional basis function for the material decomposition. This is
extremely fascinating because it means that if a contrast agent is based on such
an element, a material map of the agent can be calculated. High-Z elements are
being investigated for CT applications concerning both their attenuation (Nowak
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Figure 2.9: Example of a 100 kV simulated spectrum transmitted through
32 cm of water. The attenuation coefficients of iodine, gadolinium, tungsten
and bismuth are displayed as well. The K-edges are visible at 33.2 keV (I),
50.2 keV (Gd), 69.5 keV (W) and 90.5 keV (Bi). No photons are transmitted
below the iodine K-edge energy.

et al. 2011,Roessler et al. 2016) and material decomposition properties (Rabin
et al. 2006, Popovtzer et al. 2008, Aydogan et al. 2010, Moghiseh et al. 2018).
Furthermore, since PC detector can have more than two energy thresholds, more
than two materials can be decomposed simultaneously. If more than one K-edge is
present, the corresponding materials can also be decomposed simultaneously. This
approach is defined multi contrast agent imaging (Symons et al. 2017a, Badea
et al. 2019).
In figure 2.10, some basic characteristics of the candidate high-Z elements are
listed.
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Figure 2.10: Candidate high-Z elements for CT contrast agents. Light
green (iodine): only element allowed as CT contrast agent. Medium green
(tantalum): currently under investigation as a general purpose CT contrast
agent. Dark green: under investigation but with some limitations. Orange:
limited world production. Red: low potential due to toxicity, radioactivity,
or gaseous phase. Adapted from Yeh et al. 2017.
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2.3.2 Nanoparticle-based Contrast Agents

The contrast agents based on iodine and barium have been proved to be clinically
safe and highly tolerable by patients. The development of contrast agents based on
heavier elements is not trivial since such elements can be toxic or difficult to include
in biocompatible molecules. To address the biocompatibility challenge, a successful
approach is to use nanoparticles to densely pack a specific element and then apply
a biocompatible coating to the nanoparticle (Figure 2.8, right). Some example
of contrast agents based on high-Z nanoparticles have been already investigated
for preclinical use (Badea et al. 2019, El Ketara et al. 2020). Nanoparticles are
especially interesting for cardiovascular imaging since they usually have a large
diameter (up to hundreds of nanometers) and consequently they do not undergo
fast renal clearance. Therefore nanoparticles have long circulating time, acting as
blood-pool agents, and they are cleared via the liver. It is interesting to notice
that thanks to their size, nanoparticles preferentially accumulate in solid tumors.
This is due to extravasation in the tumor through a leaky endothelium, which can
have pores with a size up to 800 nm (Karathanasis et al. 2009). Furthermore, the
particle coating can be engineered to obtain targeted contrast agents which may
be used for molecular imaging (Li et al. 2014, Sawall et al. 2021) or theranostic
applications (Bejarano et al. 2018).
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3 | Materials and Methods

3.1 Assembling a New Experimental Micro-CT
In order to develop the new photon-counting technologies and new high-Z contrast
agents, it is fundamental to have a versatile platform for experimentation. Since
mice are the best model for in-vivo experimentation of new drugs (e.g. experi-
mental contrast agents), this platform should be a micro-computed tomography
(micro-CT): a scanner with spatial resolution and field of view suitable for small-
animal imaging. Siemens has already developed a whole-body PC-CT prototype,
the SOMATOM CounT (described in the following in Section 3.3.2) which is a
powerful tool for clinical investigation, but since it is designed for human imaging,
it does not have a sufficient spatial resolution for small-animal imaging (Sawall
et al. 2020c). Therefore, assembling a new micro-CT system with a PC detector
was one of the main goals of my work. In the following, the main components
and the geometry of the gantry will be presented. At the end of the section, the
data processing chain developed for the system will be described.

3.1.1 Novel Photon-Counting Detector by Dectris

The PC detector which was mounted in the new experimental gantry is the Säntis
3204 ME by Dectris ltd. (Baden-Dättwill, Switzerland). The detector (visible in
Figure 3.1) was specifically developed for the Eurostars collaboration between the
DKFZ, Dectris ltd., and NanoPET Pharma GmbH (Berlin, Germany) and was
modeled specifically for micro-CT applications, therefore with a small pixel size of
150 µm. The detector is based on a direct conversion technology and consists of a
1 mm thick layer of Cadmium Tellurite (CdTe) to which a bias voltage of 500 kV
is applied. The sensor has a total size of 308.4 mm × 38.55 mm and it is divided
into a 16 × 2 matrix of smaller modules. At the edge between adjacent modules,
a gap is present. These intermodule gaps have a size between 1 and 7 pixels
and need to be inpainted before the image reconstruction (Section 3.1.4). The
detector is also equipped with four energy thresholds which can be individually
enabled, allowing the acquisition of multiple energy-bin images. In Table 3.1, all
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Figure 3.1: Picture of the Dectris Säntis PC detector. The sensitive area
measures 308.4 mm × 38.55 mm and the pixel size is 150 µm.

Table 3.1: Technical specifications of the Dectris Säntis PC detector.
Parameter Value
Sensor material Cadmium Tellurite (CdTe)
Sensor thickness 1000 µm
Sensor area 308.4 mm × 38.55 mm
Bias voltage 500 V
Pixel size 150 µm
Maximum count rate 1× 108 photons/s/mm2

Energy range 20 keV - 140 keV
Energy thresholds number 4
Energy threshold value 20 keV - 140 keV
Maximum frame rate 200 Hz
Weight 10 kg
Connection 10 Gigabit Ethernet

the technical specifications of the detector are listed.
Further than the power supply and Ethernet connection, the detector needs also

water cooling and a dry air supply. The implementation of these requirements in
the rotating gantry will be described in the following section.
The semirealistic detector model described in Faby et al. 2016 was used to
calculate the spectral response of the detector, which is displayed in Figure 3.2. A
comparison with the spectral response of the Siemens SOMATOM CounT (Figure
3.17) shows how the smaller pixel size of the Säntis detector affects the spectral
response by decreasing the relative height of the photopeak and by increasing the
charge sharing tail.
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Figure 3.2: Spectral response of the Dectris Säntis detector. Left: 2D plot
of the spectral response between 0 keV and 110 keV for incoming photons
with energy up to 110 keV. Right: spectral response for an incoming photon
energy of 60 keV, 80 keV and 100 keV.

3.1.2 Gantry Geometry

As it will be explained in the next section, a micro-CT scanner already present at
DKFZ was modified for this purpose. Since the new Säntis detector had to be
installed in the gantry, a new gantry geometry had to be modeled. In order to
avoid substantial modification to the gantry structure, I decided to not modify
the source-isocenter distance (RF) and to model the new geometry as a function
of the detector-isocenter distance (RD). In order to obtain a scanner suitable
for small animal imaging, three requirements had to be satisfied: a field of view
(FOV) of at least 4 cm in diameter to accommodate both a mouse and the mouse
table, a spatial resolution lower than 100 µm and a z-coverage appropriate to
mouse cardiac imaging.
The spatial resolution can be modelled as:

resolution =

√√√√(WF
RD

RD +RF

)2
+
(
WD

RF

RD +RF

)2
, (3.1)

where WF is the focal spot width and WD is the detector pixel width. The radius
of the FOV (RM) (Figure 3.3) can be calculated as:

RM = RF · sin
(

arctan
(
Nu/2 ·WD

RD +RF

))
, (3.2)

where Nu is the number of pixels in a detector row.
As it is shown in (Figure 3.3), the z-coverage can be measured at the isocenter
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Figure 3.3: Schematic of the experimental gantry geometry. Left: axial
view. Right: longitudinal view. RF: source-isocenter distance. RD: isocenter-
detector distance. WD: pixel size. Nu and Nv: detector elements in the
longitudinal and axial direction. RM: radius of the field of view. L100 and
L50: z-coverage.

(L100) and at a radial distance of RM/2 from the isocenter (L50). These quantities
can be modelled as:

L100 = 2 ·RF ·
(
Nv/2 ∗WD

RD +RF

)
, (3.3)

and

L50 = 2 · (RF −RM/2) ·
(
Nv/2 ∗WD

RD +RF

)
, (3.4)

where Nv is the number of detector rows.
The plots of these four quantities as a function of the RD are shown in Figure
3.4. The spatial resolution (Equation (3.1)) was plotted both for the smallest and
the largest focal spot size available with the deployed x-ray tube. More detail
about the x-ray tube will be given in Section 3.1.3. As shown in the plots, by
increasing the detector-isocenter distance and therefore the magnification, the
resolution improves but the FOV and the z-coverage sizes decrease. Since the
Säntis detector is 8 times wider than tall, it is not possible to exploit all the
potential magnification without sacrificing the z-coverage.
The typical size of a mouse heart in the z-direction is ∼8-10 mm, therefore the
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Figure 3.4: Left: plot of the spatial resolution and field of view as function
of the isocenter-detector distance (RD). The spatial resolution is evaluated
for the smallest and the largest focal spot size (WF). Right: plots of the
z-coverage at the FOV center (L100) and at a distance of RM/2 (L50) as a
function of the isocenter-detector distance (RD).

final RD should be smaller than 210 mm. In order to account for mispositioning
of the sample or anatomical changes, a slightly higher value can be chosen. For
RD=200 mm, the FOV is ∼95 mm and the expected spatial resolution is below
80 µm for all the focal spot sizes. These values fulfill all the requirements mentioned
at the beginning of the section, therefore the new geometry was modeled with
RD=200 mm.

3.1.3 CT-system and Hardware

The starting point of the new gantry assembling was a Siemens Sensation CT
scanner, a gantry that was originally designed for clinical use. One Sensation
scanner was available at DKFZ since 2014 and was refurbished in the last years
for micro-CT applications (Sawall et al. 2017). The need to accommodate the
new Säntis detector led to a complete change of the gantry geometry. As a result,
all the internal components already present in the gantry had to be dismounted
and, whenever possible, modified and reused. In Figure 3.5, it is possible to see
the empty gantry before the assembling started.
In the following, I am going to list the different components that I installed in
the gantry and the modifications required.

• X-ray source: An x-ray tube suitable for mouse imaging was already
mounted in the previous implementation of the micro-CT scanner. The tube
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Figure 3.5: Picture of the experimental gantry before the assembling of
the new components.

is a Hamamatsu L10951 Microfocus, a transmission tube that can operate
up to 110 kV and has a maximum power of 50 W. Such a low power ensures
a small focal spot size, which can range from 20 µm at 10 W up to 80 µm at
50 W. The existing tube mounting plates set the distance of the focal spot
from the isocenter to 107.8 mm. Only minor modifications were needed in
order to adjust the z-position of the tube.

• Detector: In order to mount the Säntis detector (Section 3.1.1) in the
gantry, a new mounting plate had to be designed from scratch. By using the
schematics of the detector and of the gantry, a plate was designed to ensure
a detector-isocenter distance of 200 mm. The plate was manufactured from
a 20 mm thick aluminum plate and fixed to the gantry with M10 bolts. In
order to control the detector and retrieve the acquired data, a 10 Gigabit
Ethernet connection is required between the stationary detector control
unit and the rotating detector. Since this kind of fast connection cannot be
handled by the gantry slip-rings, a rotary joint and two media converters
were used for the purpose. One media converter is placed in the gantry and
converts the detector Ethernet connection into two fiber optics. Then, the
fiber optics enter the fiber optic rotary joint, a device (BN 549758C2000,
by Spinner GmbH, Munich) capable of transferring the signal of up to 20
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Figure 3.6: Left: water cooling system refurbished from an old x-ray tube.
Right: 1 L dry air bottle with gauges for measuring the internal and outgoing
pressure.

fibers from the rotating to the stationary part of the gantry. The fiber optic
signal is converted again to Ethernet thanks to the second media converter
and finally connected to the detector control unit. Despite the fiber optic
rotary joint being already present in the previous version of the micro-CT
scanner, new media converters had to be purchased and installed to fulfill
the detector connection requirements.

• Water cooling system: As described in Section 3.1.1, the detector needs
constant water cooling, also when the gantry is rotating. An old cooling
system was refurbished for the purpose (Figure 3.6). The cooling system
was originally used to cool the x-ray tube of the Sensation scanner when
it was used for clinical applications. The old oil that was used to cool the
tube was replaced with a 1:2 mixture of water and ethylen-glycol. Then, the
cooling system was installed in the gantry and connected to the detector
using new hoses.

• Dry air supply: In order to supply dry air to the detector while rotating,
a small bottle (1 L) for pressurized air was installed in the gantry. The
bottle can stand a maximum pressure of 10 bar and continuously provide
dry air to the detector for about 40 minutes. The bottle (Figure 3.6) was
equipped with valves for recharging and manometers to read the internal
pressure and to adjust the airflow to the detector.

• Angular position reader: The angular position of the gantry can be
measured thanks to a perforated ring placed in the internal circumference of
the gantry. On the ring, two sets of holes distributed over 360◦ are available.
The first consists of 1160 equally-spaced holes and it is used to read the
relative increment of the angular position. The second set consists of one
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Figure 3.7: 3D rendering the mouse table equipped with a rack and a gear.
A stepper motor connected to the gear can be remotely controlled to adjust
the z-position of the sample.

single hole which provides an absolute reference. To read the passage of the
two sets of holes, an Arduino with a multi-photodiode module was already
installed in the gantry. The device had to be modified to include also a
trigger mechanism that can start the acquisition whenever the detector is
armed and the single hole per rotation is detected. The trigger signal is sent
to the detector via a Lemo00 coaxial cable.

• Mouse table: A new sample/mouse holder had to be designed from scratch.
An aluminum extrusion was mounted horizontally on the front side of the
gantry and used to hold a plexiglass plate. Such plate which extends in the
z-direction, is used as a rail for a sliding mouse table (Figure 3.7). The table
can be moved along the z-direction thanks to a rack and a gear connected
to a stepper motor. The motor is connected to an Arduino, which can
be controlled remotely. I personally 3D-modelled all the components and
programmed the Arduino. The sliding table allows for fast, precise and
reproducible positioning of the sample, which is critical since the z-coverage
of the system is only ∼10-12 mm. The ability to control the table without
entering the room also allowed to considerably decrease the acquisition time
of sequence scans, where the mouse is scanned at different z-positions.

After having all the components installed in the gantry, a balancing procedure
had to be carried out in order to compensate for the uneven distribution of weight.
A balancing machine (Caroba Balancer, PMB GmbH, Kaiserslautern) was used to
detect the unbalanced weight, which was then compensated by adding the proper
amount of lead slabs where needed.
Two pictures of the assembled gantry are displayed in Figure 3.8 and Figure 3.9.
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Figure 3.8: Picture of the experimental gantry after the assembling of the
new components: detector (A), detector power supply (B), x-ray tube (C),
tube control unit (D), dry air bottle (E), water cooling system (F), media
converter (G, behind the metal plate), rotary joint (H), Arduino for angular
position reading (I).
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Figure 3.9: Picture of the front of the experimental gantry with the cover
closed and the sample table installed.

3.1.4 Projection Processing and Image Reconstruction

Before the image reconstruction, the projections acquired with the gantry have to
be corrected for defective pixels, intermodule gaps, and ring artifacts.
The inpainting of the defective pixels and the intermodule gaps is done via linear
interpolation using a predefined mask. The mask was generated by merging
the well-defined gaps, the pixels which are always on or off, and the randomly
flickering pixels. A dilation (morphological operation) is applied to the mask in
order to inpaint also the neighbors of defective pixels. In Figure 3.10, an example
of a raw projection before and after the inpainting is shown. The deployed mask is
shown as well. As it is possible to notice from the projection of a mouse cadaver,
the heart, which is filled with contrast agent, is completely included in the field
of measurement. This is obtained thanks to the gantry geometry estimated in
Section 3.1.2 and thanks to the finely adjustable sample table (Section 3.1.3).

Another kind of artifact that must be corrected, are ring artifacts. Such ar-
tifacts are present in image domain, but herein corrected in projection domain.
An example of uncorrected image is shown in Figure 3.11. The visible concen-
tric pattern is due to inhomogeneity in the detector pixel response. In order to
correct for that, a ring artifact correction algorithm was implemented by taking
inspiration from the work of Clark et al. 2017. All the projections acquired
during a scan were averaged and then a 2D median filter (radius=10 pixels)
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Figure 3.10: Top: Raw projection of a mouse cadaver at the experimental
gantry. Center: mask for inpainting of not-working pixels and intermodule
gaps. Bottom: corrected projection.

was applied to the obtained mean projection. The original mean projection
was subtracted to the filtered mean projection in order to generate a correction
projection image. The purpose of the projection’s average is to highlight an
eventual behavior by each pixel that is consistent during the acquisition. The
purpose of the median filter is to ensure that this behavior is not due to any
spatial feature of the sample. Finally, the correction image was added to all the
original projections. In Figure 3.11, it is possible to see a reconstructed image
without and with the ring artifact correction. A substantial improvement is visible.

After the two corrections described, an intrinsic calibration method for ge-
ometry estimation was applied (Meng et al. 2013). This is necessary since the
real geometry of the assembled gantry can have some slight deviations from the
geometry modeled in Section 3.1.2. After having rebinned the projections to
the estimated geometry, the CT-volumes could be reconstructed using an FDK
algorithm (Feldkamp et al. 1984).
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Figure 3.11: Left: axial slice of a mouse cadaver without ring artifact
correction. Right: Axial slice corrected for ring artifacts.C = 750 HU,
W = 2000 HU.

3.2 A Novel Contrast Agent for Preclinical Imag-
ing

Within the Eurostars collaboration, a novel high-Z contrast agent was developed
by NanoPET Pharma GmbH (Berlin, Germany) for preclinical imaging. In this
study, the contrast agent was tested for the first time in-vivo using the photon-
counting micro-CT described in Section 3.1. The biodistribution of the contrast
agent was characterized as a function of time and a proof of concept for multi
contrast agent imaging is provided.

3.2.1 Novel Bismuth-Based Contrast Agent by NanoPET
Pharma

The novel contrast agent is a nanoparticle agent based on bismuth (Z=83, K-edge
at 90.5 keV). The nanoparticle core consists of bismuth oxide, which is produced
with an aqueous precipitation method:

Bi3 + 9OH 3Bi(OH)3

2Bi(OH)3 Bi2O3 + 3H2O

After the addition of the coating (proprietary information), the nanoparticles
are sterilized through autoclaving. The final size of the nanoparticles is 300 nm
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and the bismuth concentration is about 200 mg/mL.
As explained in Section 2.3.2, based on the size of the nanoparticles is it possible to
expect a circulating time longer than 1 h (blood-pool action) and an accumulation
of the agent in the liver and in the spleen, but not in the kidneys.

3.2.2 Characterization of the Contrast Agent Biodistribu-
tion

To characterize the biodistribution of the novel bismuth-based contrast agent,
in-vivo experiments were conducted on mice using the newly assembled experi-
mental gantry (Section 3.1). Four healthy black mice of approximately 25 g were
injected with 5 µL per g of body weight (125 µL for a 25 g mouse). The mice
were scanned before the injection and 0.25, 0.5, 1, 1.5, 2, 3, 4, and 5 h after the
injection of the agent. The acquisition settings used for the experiments are listed
in Table 3.2. The framerate of 65 fps corresponds to an integration time of 15 ms,
which according to Sawall et al. 2020a ensures a sufficient temporal resolution for
cardiac and respiratory gating. Despite this, no gating or motion compensation
were performed on the measurements because this was out of the scope of this
study. A single energy threshold was used and the projections were processed as
described in Section 3.1.4 and reconstructed using a voxel size of 34 µm.
The mice were anesthetized with isoflurane (airflow of 0.5 L/min at 1-2% con-
centration) by means of a vaporizer (Figure 3.12) and kept under anesthesia via
a nose mask which was fixed to the gantry table during measurements (Figure
3.13).
The CT-values were measured in the vena cava, liver, spleen, bladder, kidney, and
intestinal walls. The enhancement in the vasculature was measured in the vena
cava and not in the heart since the vena cava barely moves during the cardiac
and respiratory cycles and images were not compensated for motion. For each
organ, the values measured in five ROIs were used to calculate the mean and
the standard deviation. By measuring the CT-values as a function of time, it is
possible to generate a time-enhancement curve for each organ and evaluate the
distribution of the agent.
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Table 3.2: List of the parameters used in the mouse experiments to charac-
terize the biodistribution of the novel bismuth-based contrast agent.

Parameter Value
Tube voltage 90 kV
Tube current 556 µA
Additional prefiltration None
Gantry rotation time 10 s
Framerate 65 fps
Projections per rotation 656
Number of rotations 6
Energy threhsold 20 keV
Dose per acquisition 400 mGy

Figure 3.12: Machine used to vaporize the isoflurane and plexiglas box for
initial anesthetization of the mice.
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Figure 3.13: Picture of an anesthetized mouse on the sample holder at the
experimental gantry. A siringe body has been used as nose mask to supply
the vaporized isoflurane to the mouse during the acquisition.
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3.2.3 Multi Contrast Agent Protocol

One of the main advantages of a non-iodinated contrast agent is the possibility
to use it in combination with established iodine-based agents to perform multi
contrast agent imaging. Since the two agents have K-edges at different energies,
the two elements could in principle be decomposed simultaneously (Section 2.2.2).
A novel protocol for multi contrast agent imaging is here proposed and tested for
the first time. The novel bismuth-based contrast agent (Section 3.2) is used in
combination with the Exytron Myoc 8000 by NanoPET Pharma GmbH (Berlin,
Germany), a nanoparticle contrast agent based on iodine. The agent has an
iodine concentration of 210 mg/mL, the nanoparticles have a size of 300 nm and
a half-life in the vasculature of 120 minutes. Thanks to the proprietary coating of
the nanoparticles, the Exitron Myoc accumulates in the myocardium and in the
brown adipose tissue even at low doses (50 µL of injected volume), and provides a
contrast enhancement peak in the myocardium approximately 3 h after injection
(Sawall et al. 2017).
The proposed multi contrast agent protocol aims at the simultaneous imaging of
the myocardium tissue, brown adipose tissue, and vasculature. The protocol is
depicted in Figure 3.14 and consist of three steps. The first step consists of the
injection of 100 µL of the iodine-based agent. The mouse can be scanned at this
point to visualize the blood-pool phase of the agent. Then, the mouse is let to
rest for 3 h so that the agent is cleared from the vasculature and accumulates in
the myocardium and in the brown adipose tissue (second step). At this point,
100 µL of the bismuth-based agent is injected to enhance the vasculature. The
scan after the injection of the bismuth agent will then image the late phase of the
Exytron Myoc and the early phase of the bismuth agent simultaneously.
To provide a proof of concept of the proposed protocol, an in-vivo experiment was
carried out on one healthy mouse (BL6). The mouse was anesthetized as described
in the previous section and imaged at the experimental gantry before and after
every step of the protocol. The acquisition settings remained the same listed in
Table 3.2 with some differences. In order to enable the material decomposition,
two energy thresholds were used: the lower threshold remained at 20 keV, whereas
the higher threshold was set at 33 keV (iodine K-edge). To optimize the tube
voltage for the specific application, the material decomposition performance was
tested on a mouse-size calibration phantom (Figure 3.15) composed of vials of
water, iodine (10 mg/mL), bismuth (10 mg/mL) and a iodine-bismuth mixture
(5 mg/mL each). The phantom was scanned at 90 kV and 60 kV with 6 and 11
rotations, respectively, to match the dose. For both acquisitions, the contrast-to-
noise ratio was measured in the iodine and bismuth vials in the corresponding
material map. The CT-scan of the phantom and the material maps of iodine and
bismuth are displayed in Figure 3.15. On average, the contrast-to-noise ratio of
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Figure 3.14: Multi contrast agent protocol for imaging the brown adipose
tissue, the myocardium, and the vasculature at the same time. The iodine-
based agent (Exitron Myoc) is injected first. After 3 h, the iodine agent
is cleared from the vasculature and it accumulates in the brown adipose
tissue and in the myocardium. The novel bismuth agent is then injected to
enhance the vasculature.

the acquisition at 60 kV resulted 25% higher than the one measured at 90 kV.
Therefore, the acquisitions for the multi contrast agent protocol were performed
at 60 kV and 11 rotations.

The performed material decomposition is an image-based decomposition which
uses water (H2O), iodine and bismuth as basis function. A volume conservation
equation is added to the system of equations (2.16) in order to decompose three
materials with two energy thresholds (L. Yu et al. 2009):

µ(r, E1) = aH2O(r)µH2O(E1) + aI(r)µI(E1) + aBi(r)µBi(E1) (3.5)
µ(r, E2) = aH2O(r)µH2O(E2) + aI(r)µI(E2) + aBi(r)µBi(E2) (3.6)

1 = aH2O(r) + aI(r) + aBi(r) (3.7)

, where Ei is the i-th energy bin, µm and am are the attenuation coefficient and
the material map of the m-th basis material, respectively.
In order to invert the system, it is essential to first characterize the basis materials.
To do so, the aforementioned phantom composed of water, 10 mg/mL iodine
solution and 10 mg/mL bismuth solution was scanned using the same acquisition
settings of the multi contrast agent protocol. Then, the attenuation coefficients
of the three materials were measured in the two energy bins to obtain µH2O, µI
and µBi.
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Figure 3.15: Left: Mouse-size multi contrast agent phantom composed of
four vials of water, 10 mg/mL iodine solution, 10 mg/mL bismuth solution,
5 mg/mL iodine and 5 mg/mL bismuth solution. Center: CT image. Right:
material decomposition.

3.3 Potential of High-Z Elements for Clinical
Contrast-Enhanced CT

As described in Section 2.3, only iodine-based contrast agents are allowed for
intravenous injections in clinical CT imaging. From a physical point of view, these
elements may not be the best choice since their K-edges (Section 2.1.2) are at
relatively low energy if compared to the spectra used clinically. Therefore, in a
usual clinical scenario, the a K-edge of iodine or barium is not exploited. Having
an element with K-edge in the transmitted spectrum can offer many benefits
concerning contrast enhancement and material decomposition.
These opportunities are even more fascinating if a PC-detector (Section. 2.2) is
used since such detector has multiple energy thresholds which can be adjusted
according to the K-edge of the deployed element. In this first study, the potentials
of high-Z elements in contrast-enhanced PC-CT are evaluated as a function of
tube voltage, filtration setting, patient size, and energy-threshold settings.

3.3.1 Contrast in Photon-Counting CT

The contrast-to-noise ratio (CNR) is a basic figure of merit to assess the contrast
provided by a contrast agent. The CNR is defined as:

CNR = ∆µ√
V

= |µA − µB|√
V

, (3.8)

where µA/B are the mean CT-values measured in a contrast-enhanced and in an
unenhanced soft-tissue region of interest (ROI), respectively. V is the variance of
pixel values measured in a homogeneous region.
Since the tube voltage and the spectrum filtration are being varied in this study,
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the CNR has to be normalized for the patient absorbed dose D. By normalizing
also for the concentration C of each contrast agent, it is possible to define the
CNR at unit dose and at unit concentration (CNRCD):

CNRCD = CNR
C
√
D

. (3.9)

Since in PC-CT multiple energy thresholds are available, multiple bin images
(fi) are acquired simultaneously. These images can be combined to calculate a
composed image. In the case of two energy thresholds, the composed image fPC2
can be calculated as:

fPC2 = w1f1 + w2f2 , (3.10)

where and w1/2 are the weighting coefficients and w1 + w2 = 1. The CNR of the
composed image can be directly computed as:

CNRPC2 = (w1∆µ1 + w2∆µ2)2

w2
1V1 + w2

2V2
. (3.11)

In order to maximize the CNRCD of the composed image, the weights can be
chosen wi ∝ ∆µi/Vi. In this scenario, the CNRCD of the final image can be
directly calculated as ( L. Yu et al. 2011, Faby et al. 2015, Sawall et al. 2020b):

CNRCDmax =
√

CNRCD2
1 + CNRCD2

2 , (3.12)

where CNRCDi is the CNRCD of the i-th bin image.

3.3.2 Experimental Setup

In order to simulate an adult patient, a semi-anthropomorphic liver phantom
(QRM, Möhrendorf, Germany) (figure 3.16) was equipped with a 2.5 cm fat ring
to reach a final size of 35 cm × 25 cm. Five vials were filled with solutions of
high-Z elements (Table 3.3) and placed in the liver insert of the phantom. The
solution concentrations were chosen to simulate values that can be found in clinical
realistic scenarios. An iodine-based contrast agent used in clinical CT practice
(Optiray™ 300, Covidien, Neustadt/Donau, Germany) was diluted with water to
obtain a final iodine concentration of 14.2 mg/mL. For the gadolinium vial, a
gadolinium-based contrast agent used in magnetic resonance imaging (Multihance®

0.5 M, Bracco, Milan, Italy) was diluted with water to obtain a final gadolinium
concentration of 15.8 mg/mL. The ytterbium, tungsten and bismuth acid solutions
were purchased directly with a concentration of 10 mg/mL and no further dilution
was needed. A broad range of K-edges is available with these solutions. The gold
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Figure 3.16: Adult liver phantom with high-Z solution inserts. The phan-
tom is cropped because of the limited FOV of the PC detector of the Siemens
SOMATOM CounT.

standard iodine is at the lower limit with its K-edge at 33.2 keV. Since there are
nearly no transmitted photons below 33.2 keV (see figure 2.9), elements with a
K-edge lower than iodine were neglected. The bismuth is the upper limit since it
is the stable element with the highest K-edge (90.5 keV).

The SOMATOM CounT scanner was used to acquire all the measurements. The
SOMATOM CounT is a whole-body PCCT prototype by Siemens Healthineers,
Forchheim, Germany. The scanner is based on the SOMATOM Definition Flash,
a dual-source scanner where a PC detector is installed in place of one of the two
EI detectors (Kappler et al. 2014, Z. Yu et al. 2016a). Only the PC detector
was used for this study. The PC detector has a 1.6 mm CdTe sensitive layer
with a pixel size of 225 µm and a bias voltage of 1000 V. Up to four energy
thresholds can be used, according to the used mode. The Macro mode was used
for all the measurements of this study. In Macro mode the pixels are binned
in a 4 × 4 pattern, resulting in a pixel size of 900 µm. The PC detector is
smaller than the EI detector and has a field of view (FOV) of 27.5 cm. When
objects larger than 27.5 cm are scanned, an additional data completion scan has to
be performed with the EI detector to avoid truncation artifacts (Z. Yu et al. 2016b).

Two sets of measurements were acquired and used for comparison with simula-
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Table 3.3: List of the contrast agents and high-Z solutions used in measure-
ments. The same formulations were used in the simulations.

High-Z K-edge Material and Composition Concentration
Element concentration of the solution

I 33.2 keV Optiray 300 C18H24I3N3O9 in H2O 14.2 mg I/mL300 mg I/mL

Gd 50.2 keV Multihance 0.5 M C36H65GdN5O21 in H2O 15.8 mg Gd/mL78 mg Gd/mL

Yb 61.3 keV Ytterbium Oxide Yb2O3 in 5% HNO3 10.0 mg Yb/mL10 mg Yb/mL

W 69.5 keV Tungsten W in 10% NH3 10.0 mg W/mL10 mg W/mL

Bi 90.5 keV Bismuth Bi in 10% HNO3 10.0 mg Bi/mL10 mg Bi/mL

tions. For the first set, the CNRCD of the different solutions was evaluated as a
function of the tube voltage. A single energy threshold (T0) at 20 keV was used
while scanning the phantom with a tube voltage of 80, 100, 120, and 140 kV. For
the second set of measurements, the CNRCD of the solutions was measured with
a fixed tube voltage and two energy thresholds. The aim of this measurement is
to assess the relationship between the high-Z element K-edges and the threshold
values. The lower threshold (T0) was set at 20 keV, and the higher threshold (T1)
was varied between 50 keV and 90 keV, which is the maximum values available at
the scanner. In order to avoid photon starvation in the high energy bin image
for high values of T1, the tube voltage was fixed at 120 kV. The CNRCD was
evaluated in the individual bin images and the CNRCDmax was evaluated for the
optimally combined image (Equation. 3.12).
The latter set of measurements, which was performed with two energy thresholds,
was also used to evaluate the material decomposition performance of the different
high-Z solutions. For each high-Z element, the set of two bin images was used
to perform a two material decomposition (Section 2.2.2) of the soft tissue and of
the specific element. Then the CNRCD was evaluated in the material map of the
decomposed element.

3.3.3 Simulations

In order to investigate a wider range of scenarios, the whole body PC-CT system
was modeled through simulations according to the specification of the Siemens
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Table 3.4: List of the parameters used to simulate the PCCT.
Parameter Value
Source to isocenter distance 595 mm
Detector to isocenter distance 490 mm
Detector pixel size 225 µm
Pixel binning 4 × 4
Detector material CdTe, 6.3 g/cm3

Detector thickness 1.6 mm
Bias voltage 1000 V
Prefilters 6.8 mm Al, 1.0 mm C,

0.7 mm Ti , 0.008 mm W
Voxel size 0.78 mm

SOMATOM CounT. The gantry geometry and the detector parameters are listed
in Table 3.4. The x-ray source was modeled as a point source using a semiempirical
spectrum model (Barnes et al. 1991) and prefilters (see Table 3.4) were applied to
harden the spectrum. Scans of a 3D model of the liver phantom were simulated
using 1024 projections and circular trajectories. For each projection and each
detector pixel, the number of photons n transmitted through the phantom and
detected in the b-th energy bin was evaluated using the following forward model:

nb =
∫ Emax

0
Φ(E) · sb(E) · e−

∑M

m=1 µm(E)·Lm · dE , (3.13)

where Φ(E) is the spectrum in air already prefiltered, sb(E) is the bin sensitivity,
Lm is the intersection length through the different materials m of the phantom
and µm(E) is the material attenuation coefficient. The bin sensitivity (Section
2.2.1) was calculated using the semirealistic detector model described in Faby et al.
2016 (Figure 3.17). Poisson noise was added to the photon number, the projection
values were calculated and then the water precorrection was applied. A 4 × 4
pixel binning was applied on the detector elements since the measurements were
acquired in Macro mode. Finally, the volume was reconstructed using the FDK
cone-beam algorithm (Feldkamp et al. 1984). The CTDIvol 32 cm was estimated
for each scan using in-house developed Monte Carlo simulations. The Monte
Carlo code has been verified against Geant4 and further details can be found in
Baer et al. 2012.

Two sets of simulations were performed: the first one for direct comparison
with measurements and the second to investigate further high-Z elements, patient
sizes, and filtration settings.
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Figure 3.17: Spectral response of the PC detector of the Siemens SO-
MATOM CounT. Left: 2D plot of the spectral response between 0 keV and
150 keV for incoming photons with energy up to 150 keV. Right: spectral
response for an incoming photon energy of 60 keV, 10 keV and 140 keV.

In the first set, the adult-sized liver phantom was equipped with five high-Z
solution vials. The composition and the concentration of the vials were simulated
according to the ones used in the measurements (Table 3.3). The concentration
of the solvent was slightly adjusted (within 5%) to match the attenuation of
each solution. The scans of the adult-sized phantom were simulated using a tube
voltage between 70 kV and 150 kV in steps of 5 kV. A single threshold at 20 kV
was used. Phantom scans were also simulated for a fixed tube voltage (120 kV)
and two energy thresholds. In this case, as in the measurements, the low energy
threshold T0 was set at 20 keV and the high threshold T1 was varied between
50 keV and 90 keV in 5 keV steps.
The second set of simulations was performed using more high-Z elements, different
patient sizes, and different prefiltrations of the x-ray beam. The model of the
phantom was equipped with seven vials containing solutions of iodine, cerium,
gadolinium, ytterbium, tungsten, gold, and bismuth. In this case, ideal water
solutions were used and the concentration of the high-Z elements was set to
10 mg/mL (Table 3.5). Further than the adult-sized phantom (35 cm × 25 cm),
the 3D model of the phantom was scaled to simulate an infant patient (15 cm
× 10 cm) and an obese patient (50 cm × 40 cm). The number of pixels in the
detector rows was scaled according to the different phantom sizes. In this way,
each phantom could fit the field of view without the need of an additional data
completion scan. Each phantom size was scanned with two sets of prefilters: the
first one is the one already used for the previous simulations and measurements
(Table 3.4), whereas the second one includes an additional 0.4 mm Sn filter. The
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Table 3.5: List of the ideal high-Z solutions used in simulations. The
contrast enhancement refers to the simulation of the adult size phantom at
100 kV without Sn filter. The contrast enhancement with respect to water
was measured in each vial in the low threshold image (T0= 20 keV).
High-Z K-edge Concentration Contrast enhancement
Element of the solution at 100 kV

I 33.2 keV 10.0 mg I/mL 305 HU
Ce 40.4 keV 10.0 mg Ce/mL 370 HU
Gd 50.2 keV 10.0 mg Gd/mL 422 HU
Yb 61.3 keV 10.0 mg Yb/mL 357 HU
W 69.5 keV 10.0 mg W/mL 287 HU
Au 80.7 keV 10.0 mg Au/mL 246 HU
Bi 90.5 keV 10.0 mg Bi/mL 232 HU

latter was chosen since it is already present in the Siemens Flash and in the
Siemens CounT scanners. The simulations were performed for each phantom
size and each prefiltration setting using an energy threshold fixed at 20 keV and
varying the tube voltage between 70 kV and 150 kV.

3.3.4 Image Analysis

The CNRCD (Equation (3.9)) provided by the different high-Z solutions in the
different scenarios was evaluated both in measurements and in the simulations.
For each solution, the contrast was measured with respect to water, therefore in
Equation (3.8) the CT-value of the background was set to 0 HU. A homogeneous
region in the soft tissue (ROI0 in Figure 3.16) was used to measure the noise as
the variance of the pixel values. Whenever two energy thresholds are used, the
CNRCD was measured in both bin images and the CNRCDmax (Equation 3.12)
was measured in the combined image. The error on the CNRCD was quantified as
the standard deviation of the CNRCD over the different slices. For each scenario,
the measured CNRCD of each high-Z solution was normalized to the CNRCD of
iodine (gold standard) at a reference tube voltage (Uref) without Sn filter:

Relative CNRCDX(U) = CNRCDX(U)
CNRCDI(Uref , 0 mm Sn) . (3.14)

The reference voltage was adjusted according to the different patient sizes: 80 kV
for the infant phantom, 100 kV for the adult phantom and 120 kV for the obese
phantom.
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The relative CNRCD can be used to quantify the potential dose reduction as:

Dose ReductionX(U) = 1−
(
CNRCDI(Uref , 0 mm Sn)

CNRCDX(U)

)2

. (3.15)

In the different scenarios, only values of the relative CNRCD and dose reduction
obtained for a tube voltage higher than Uref were considered. This is because the
usage of lower tube voltages could be limited by the power of the x-ray tube. This
limitation could lead to undesired long scan time, especially for obese patients
(Kalender et al. 2009).
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4 | Results

4.1 A Novel Contrast Agent for Preclinical Imag-
ing

In this section, the in-vivo results concerning the novel bismuth-based contrast
agent are presented. First, the biodistribution of the agent in mice is evaluated
as a function of time, then the multi contrast agent protocol described in Section
3.2.3 is presented.

4.1.1 Characterization of the Contrast Agent Biodistribu-
tion

Four BL6 healthy mice were injected with the novel bismuth-based contrast agent
(Section 3.2.1) and measured using the assembled CT experimental gantry (Sec-
tion 3.1). The contrast enhancement in the different organs was measured as a
function of time as described in Section 3.2.2 and averaged over the four mice.
The time-dependent signal enhancement curves are shown in Figure 4.1 for the
vasculature and the main abdominal organs.

As a baseline, Figure 4.2 and Figure 4.3 show the CT images of a mouse thorax
and abdomen prior the injection. As it is possible to see, no contrast enhancement
is present in the vasculature and soft tissues. Despite it is possible to recognize
the shape of some organs like the heart and the liver, most of the organs and soft
tissues exhibit approximately the same CT-value of 100±50 HU. Especially in
the abdomen, it is impossible to discern the different organs of the digestive and
urinary systems.

Right after the injection of the agent, the same thorax CT (Figure 4.4) image
shows a significant contrast enhancement in the vasculature. The mean CT-value
measured in the vena cava is 1200±200 HU. This is defined as the early phase
of the contrast agent. The myocardium and the liver are clearly visible and it
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Figure 4.1: Time-dependent signal enhancement curves for the mice exper-
iment with the novel bismuth-based contrast agent. The measurements at 0
minutes are performed before the injection of the agent.

Figure 4.2: Axial, sagittal and coronal views of a mouse thorax before the
injection of the bismuth contrast agent. The CT-value of soft tissue is about
100±50 HU. C = 750 HU, W = 2000 HU.
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Figure 4.3: Axial, sagittal and coronal views of a mouse abdomen before
the injection of the bismuth contrast agent. The CT-value of soft tissue is
about 100±50 HU. C = 750 HU, W = 2000 HU.

is possible to discern the myocardium from the atria and ventricles even if the
measurements are not compensated for cardiac or breathing motion. A slight
contrast enhancement of 350 HU is measured in the kidney. This is mostly due to
the difficulty to place an ROI in the kidney which does not include vessels.

As time passes by, the contrast agent is cleared from the vasculature and it
starts to accumulate in the liver and in the spleen. This is defined late phase and
is shown in Figure 4.5, where the mouse was scanned 5 h after the injection. At
the end of the measurements (5 h after the injection), the spleen has a CT-value
of 1940±220 HU, whereas the liver has a CT-value of 1060±100 HU. The half-life
of the contrast agent in the vasculature is estimated to be around 250 minutes.

An interesting finding of this study was that the contrast agent slowly accumu-
lates in the intestinal walls as well. As it is shown in Figure 4.1 by the yellow line,
the CT-value of the intestinal walls monotonically increases after the injection
and reaches a value of 530±80 HU at the end of the measurements. The slope of
the curve suggests that the contrast in the intestinal wall could further increase if
the measurements are acquired more than 5 h after the injection. The contrast
enhancement of the intestinal walls is shown in Figure 4.6, where the abdominal
CT images of a mouse were acquired 3.5 h after the injection. Up to my knowledge,
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Figure 4.4: Axial, sagittal and coronal views of a mouse thorax right after
the injection of the bismuth contrast agent (early phase). The CT-value of
the vasculature is 1200±200 HU. C = 750 HU, W = 2000 HU.

Figure 4.5: Axial, sagittal and coronal views of a mouse thorax 5 h after
the injection of the bismuth contrast agent (late phase). The contrast agent
is almost completely been cleared from the vasculature and it accumulates
in the liver. C = 750 HU, W = 2000 HU.
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Figure 4.6: Axial, sagittal and coronal views of a mouse abdomen 3.5 h
after the injection of the bismuth contrast agent (late phase). The contrast
agent is being cleared from the vasculature and it accumulates in the spleen
and in the intestinal walls. C = 750 HU, W = 2000 HU.

it is the first time a CT contrast agent exhibits such behavior. No other examples
of contrast agents accumulating in the intestinal walls were found in the literature.
The specific behavior of the contrast agent is probably due to the engineered
coating of the bismuth nanoparticles, which is a property of NanoPET Pharma.
In the same image of the abdomen, the spleen and the liver are visible.

For all the measurements, no contrast enhancement was measured in the blad-
der, confirming that the nanoparticle-based contrast agent is not cleared from the
system as usual agents based on small molecules. Furthermore, no enhancement
was measured in the muscle tissue, adipose tissue, or brain.

4.1.2 Multi Contrast Agent Protocol

The multi contrast agent protocol described in Section 3.2.3 was tested in-vivo
for the first time. One mouse was injected with 100 µL of Exitron Myoc 8000
(iodine-based) and then it was left to rest for 3 h. According to the finding of
Sawall et al. 2017, during this time the agent is cleared from the vasculature
and it accumulates in the liver, spleen, myocardium, and brown adipose tissue.
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Figure 4.7: Axial CT-images of the multi contrast agent protocol. From
left to right: before the injection, after the injection of the Exitron Myoc
(vasculature enhancement), 3 h after the injection of the Exitron Myoc
(myocardium and brown adipose tissue enhancement), after the injection of
the bismuth agent (vasculature enhancement). Top row: axial slices across
the mouse shoulders. Bottom row: axial slice across the mouse thorax.
C = 750 HU, W = 2000 HU.

The mouse was scanned before, right after, and 3 h after the injection of Exitron
Myoc. After the 3 hours of rest, the mouse was injected with 100 µL of the novel
bismuth-based contrast agent and scanned again. In Figure 4.7 two axial slices
are shown for each time point. Before the injection, no contrast enhancement is
visible in the vasculature or in other tissue. Right after the injection, the contrast
agent is in its early phase, therefore the vasculature is enhanced. Around 3 h
after the injection, the iodine-based agent is cleared from the vasculature and it
accumulates in the brown adipose tissue, myocardium, spleen, and liver. After
the injection of the bismuth-based agent, the vasculature is enhanced again and
both contrast agents are visible at the same time. This is particularly noticeable
in the axial slice across the shoulder of the mouse, where both the brown adipose
tissue and the vessels are enhanced by the two contrast agents.

By performing a three material decomposition as described in Section 3.2.3,
it is possible to display the material map of each individual contrast agent and
to quantify the amount of contrast agent in each organ. The decomposition
of the acquisition after the iodine injection is shown in Figure 4.8. As it is
possible to see, the vasculature is filled with iodine with a concentration of
6.5±0.3 mg/mL. The K-edge of bismuth is not exploited in this case, since its
K-edge is at 90.5 keV whereas the measurements were acquired with a 60 kV
tube voltage. This means that highly attenuating materials like bone cannot
be differentiated by bismuth and can be found in the material map of bismuth.
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Figure 4.8: Axial, sagittal and coronal views of the material decomposition
of the mouse thorax right after the injection of iodine agent (early phase).
The vasculature is decomposed as iodine, whereas the bone is decomposed
as bismuth.

After 3 h, the material decomposition shows an accumulation of iodine in the
brown adipose tissue (11.0±1.0 mg/mL) (Figure 4.9) and in the myocardium
(0.7±0.2 mg/mL) (Figure 4.10). The material map of iodine in Figure 4.10 had
to be smoothed with a 3D Gaussian filter (σ=3 pixels) and it had to be displayed
with a very narrow window (1 mg/mL) in order to properly visualize the iodine
in the myocardium. The ring artifact at the center of the image which is slightly
decomposed as iodine, became much more visible with these display settings. The
material decomposition after the injection of the bismuth agent is displayed in
Figure 4.11 and 4.12. The bismuth in the vasculature is properly decomposed
as bismuth and its concentration is 18.8±0.4 mg/mL. The overlay of iodine and
bismuth maps provides a simultaneous visualization of the two contrast agents
distribution: the vessels and the heart filled with bismuth and the brown adipose
tissue and the myocardium containing iodine.
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Figure 4.9: Axial, sagittal and coronal views of the material decomposition
of the mouse shoulders 3 h after the injection of iodine agent (late phase).
The brown adipose tissue is decomposed as iodine, whereas the bone is
decomposed as bismuth.

Figure 4.10: Axial view of the material decomposition of the mouse thorax
3 h after the injection of iodine agent (late phase). The iodine material
map was smoothed with a 3D Gaussian filter (σ=3 pixels) to visualize the
myocardium. A ring artifact is visible at the center of the image.
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Figure 4.11: Axial, sagittal and coronal views of the material decomposition
of the mouse shoulders right after the injection of bismuth agent (early phase).
The brown adipose tissue is decomposed as iodine, whereas the bone and
the vasculature are decomposed as bismuth.

Figure 4.12: Axial view of the material decomposition of the mouse thorax
right after the injection of bismuth agent (early phase). The iodine material
map was smoothed with a 3D Gaussian filter (σ=3 pixels) to visualize the
myocardium. A ring artifact is visible at the center of the image. The bone
and the vasculature are decomposed as bismuth.
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4.2 Potential of High-Z Elements for Clinical
CT

In the following, the results on the contrast enhancement of high-Z elements are
presented. In Section 4.2.1, the measurements are presented together with the
simulations of the realistic high-Z solutions. Then, in Section 4.2.2, the simulations
with ideal high-Z solutions, different patient sizes, and prefiltrations are presented.
The results achieved in this study have been collected in a publication for the
journal Medical Physics (Amato et al. 2020).

4.2.1 Measurements

The first measurement of the adult liver phantom was performed with the five
high-Z solutions of iodine, gadolinium, ytterbium, tungsten, and bismuth (Table
3.3). The CNRCDs measured in the low threshold image (T0 = 20 keV) are
plotted (dots) in figure 4.13 as a function of the tube voltage U . The values
were normalized for the CNRCD of iodine at 100 kV. In the same plot, the
simulations of the realistic solutions are shown as continuous lines for comparison
and validation. The CNRCD of iodine decreases as the tube voltage increases,
accordingly with the fact that its K-edge is at too low energy compared to the
used spectra. The other solutions exhibit a maximum which can be found at
increasing tube voltages as the energy of the K-edge increases. For gadolinium,
the maximum is at approximately 80 kV, whereas for tungsten it is at 110 kV.
Gadolinium outperforms the other high-Z solutions for all tube voltages, with a
measured maximum of 1.75 at 80 kV.
Good agreement between measurements and simulations is found. The relative
deviations between the measured and simulated points were evaluated: a mean
deviation of 4% is found, with a maximum deviation of 9% for gadolinium at 80 kV.

The second set of measurements aimed to evaluate how a set of two energy
thresholds can be used to maximize the CNRCD. At a fixed tube voltage of 120 kV
and with a variable T1, the CNRCD of the solutions was measured in the low
and high energy bin images. These values were also combined to calculate the
CNRCDmax (Equation (3.12)). In Figure 4.14 left, the measured and simulated
CNRCDs of the tungsten solution are shown as a function of the high threshold
T1. As T1 increases, the CNRCD of the low and high energy bin image exhibits
an increasing and decreasing behavior, respectively. The measured CNRCDmax is
instead almost constant for T1 between 50 keV and 70 keV. For higher values of T1,
the CNRCDmax decreases up to 10%, probably because of photon starvation in the
high-energy bin image. For each solution, the CNRCDmax is plotted in figure 4.14
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Figure 4.13: For the adult liver phantom, the CNRCD in the low threshold
image (T0 = 20 keV) of high-Z element solutions as function of the tube volt-
age. Values are normalized for the value of iodine at 100 kV. Measurements
are displayed with discrete markers, whereas simulations are displayed with
continuous lines.

right. The values were normalized to the CNRCDmax of iodine at T1 = 50 keV.
The behavior of the measured CNRCDmax is the same as the previously described
for tungsten. Good agreement is found between simulations and measurements,
with a mean deviation of 5.6% and a maximum deviation of 14% for ytterbium at
T1 = 85 keV.
For each solution, the maximum measured CNRCDmax can be compared to

the CNRCD previously measured in low threshold images at 120 kV. Despite
the relative position of the contrast agents remaining the same, an improvement
could be measured when using two optimally-combined bin images. For each
solution, the improvement is listed in table 4.1 together with the value of T1 which
maximized CNRCDmax.

Material decomposition

In Figure 4.15, the results of the material decomposition of the measurements
with two energy thresholds are shown. The lower threshold T0 was fixed at 20 keV,
whereas the higher threshold T1 was varied. For each value of the T1, the two bin
images were decomposed in soft tissue and each individual high-Z element. Then,
the CNRCD was evaluated in the material map of the specific high-Z element and
plotted as a function of higher thresholds T1. The values were normalized to the
CNRCD of iodine at T0 = 50 keV.
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Figure 4.14: Left: for measurements and simulations, the CNRCD of
the tungsten solution is plotted as function of the high energy-threshold
(T1). The CNRCD was evaluated in the low and high bin images, and
CNRCDmax was evaluated in the optimally combined image. Values were
normalized to the CNRCDmax at T1 = 50 keV. Right: for the five high-Z
solutions, the CNRCDmax is plotted as function of the T1 for measurements
and simulations. Values were normalized to the CNRCDmax of iodine at
T1 = 50 keV. Measurements are displayed with discrete markers, whereas
simulations are displayed with continuous lines.

Table 4.1: For each high-Z element, the CNRCD improvement obtained by
using two optimally combined bin images compared to one low threshold
image. In both cases, T0 was 20 keV and the tube voltage was 120 kV.

Element Improvement T1
I (5.8± 7.7)% 50 keV
Gd (8.3± 7.2)% 52 keV
Yb (9.4± 8.2)% 52 keV
W (8.4± 7.6)% 52 keV
Bi (6.6± 7.8)% 50 keV
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Figure 4.15: For the adult liver phantom, the CNRCD of the material
decomposition of each high-Z element as function of the high energy threshold
(T1). The values are normalized for the value of iodine at T1=50 keV.

Unlike the results showed in Figure 4.14, the CNRCD measured in the material
decomposition maps is highly dependent on the value of T1. The CNRCD of iodine
increases for increasing values of T1, up to a value of 1.51 for T1=70 keV, then it
decreases. The highest CNRCD is provided by gadolinium and it measures 1.67
at T1=71 keV. The material map of gadolinium at its maximum CNRCD is shown
in Figure 4.16 left. As it can be seen, in the material map of gadolinium, also
contributions by the iodine and the bone can be found. The same contributions
are found in the iodine and ytterbium material maps at their maximum CNRCD.
The heavier elements like tungsten and bismuth have a local CNRCD maximum
when T1 is around their K-edge (70 keV for tungsten and 90 keV for bismuth).
The value of the maxima found at the K-edge is lower than the maxima of iodine
and gadolinium, but the corresponding material decompositions do not exhibit
contribution by bone. In Figure 4.16, the material decomposition of bismuth for
T1=88 keV is displayed: despite the noise being higher than the material map of
the gadolinium, no contribution by other high-Z elements nor bone is visible, and
thus strongly suppressed.
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Figure 4.16: Left: material map of the gadolinium for T1=71 keV. The map
contains contributions of other high-Z elements and bone. Right: material
map of bismuth for T1=88 keV. Since the K-edge of bismuth is exploited,
the material map contains only contributions by bismuth.

4.2.2 Simulations

The first set of simulations (described in section 3.3.3) was performed with five
realistic high-Z element solutions and has been already presented together with
measurements in section 4.2.1. The second set of simulations was performed with
seven ideal high-Z element water solutions and it is presented in the following for
the three different patient sizes and the two sets of prefiltrations.

i.) Infant Patient Phantom

In figure 4.17 the CNRCD of the seven solutions is shown for the infant size
phantom with and without additional Sn filtration. The CNRCD values were
normalized to the value of iodine at Uref = 80 kV without Sn filter. The dose
reduction was also calculated (Equation (3.15)) and plotted.
When using no Sn filtration, gadolinium and cerium outperformed iodine at all
tube voltages, except for gadolinium at 70 kV. The highest dose reduction for
U ≥ Uref is 27±2% with cerium at 80 kV, followed by gadolinium (17±4%) at a
tube voltage between 80 and 90 kV.
When using the additional Sn prefiltration, the CNRCD of iodine and cerium
decreases, whereas the maximum CNRCD of gadolinium, ytterbium and tungsten
increases. The highest dose reduction (30±4%) is seen for gadolinium at 80 kV.

ii.) Adult Patient Phantom

In figure 4.18, the results for the adult phantom simulated with and without Sn
prefiltration are shown. For this phantom size, the reference value is iodine at
Uref = 100 kV without Sn filter.
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Figure 4.17: For the simulations of an infant patient (15 cm × 10 cm), the
relative CNRCD in the low threshold image (T0 = 20 keV) (top row) and
the dose reduction (bottom row) of the different high-Z solutions are shown
as a function of the tube voltage. In the right column, the additional Sn
filter was deployed. Results are normalized to the value of iodine at 80 kV
with no Sn filter.

Without Sn filtration, iodine is outperformed by cerium, gadolinium, and ytter-
bium for tube voltages higher than Uref . Gadolinium at 100 kV provides the
highest dose reduction (48±1%). Cerium and ytterbium provide approximately
the same dose reduction of 30±2% at 100 kV.
With the Sn filter, the CNRCD of iodine and cerium decreases. Also, the CNRCD
of gadolinium decreases for tube voltages ≥ Uref , reaching a maximum dose reduc-
tion of 44±1% at 100 kV. The maximum dose reduction is provided by ytterbium
(49±1%) at 100 kV. When using the Sn filter, also heavier elements provide a
positive dose reduction: tungsten at 100 kV has a maximum of 33±1% and the
gold at 115 kV has a maximum of 5±2%.
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Figure 4.18: For the simulations of an adult patient (35 cm × 25 cm), the
relative CNRCD in the low threshold image (T0 = 20 keV) (top row) and
the dose reductions (bottom row) of the different high-Z solutions are shown
as a function of the tube voltage. In the right column, an additional Sn filter
was deployed. Results are normalized to the value of iodine at 100 kV with
no Sn filter.

iii.) Obese Patient Phantom

In figure 4.19, the results of simulations are shown for an obese-sized phantom,
with and without additional Sn prefiltration. The CNRCD values of the different
high-Z solutions were normalized to the value of iodine at 120 kV with no Sn
filter.
When using no additional Sn filter, iodine is outperformed by all the heavier
elements for tube voltages higher than Uref . The highest dose reduction (53±2%)
is provided by gadolinium (closely followed by ytterbium) at 120 kV.
With the Sn filtration, the CNRCD of elements lighter than ytterbium decreases,
whereas ytterbium and tungsten provide the best performance and a dose reduction
of approximately 52±3% with a tube voltage of 120 kV. Also maximum CNRCD
of gold and bismuth increase.
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Figure 4.19: For the simulations of an obese patient (50 cm × 40 cm), the
relative CNRCD in the low threshold image (T0 = 20 keV) (top row) and
the dose reductions (bottom row) of the different high-Z solutions are shown
as a function of the tube voltage. In the right column, an additional Sn
filter was deployed. Results are normalized to the value of iodine at 120 kV
without Sn filter.
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5 | Discussion

5.1 A Novel Contrast Agent for Preclinical Imag-
ing

The novel bismuth-based agent developed by NanoPET Pharma GmbH (Berlin,
Germany) was tested on four healthy black mice. The biodistribution of the
agent in the mice was monitored over 5 h and time-enhancement curves were
generated for the vasculature and the main abdominal organs. The mice tolerated
the bismuth agent and quickly recovered from the anesthesia after each measure-
ment. Right after the injection of the agent, the CT-value of the vasculature was
measured to be 1200±200 HU, whereas the soft tissue baseline was 100±50 HU.
As expected for a nanoparticle-based agent, the agent is slowly cleared from the
vasculature by means of the spleen and of the liver, which after 5 h reach a
CT-value of 1940±220 HU and 1060±100 HU, respectively. At the end of the
experiments, a CT-value of approximately 500 HU was still measured in the
vasculature, suggesting that the clearance process was not yet completed and
therefore a higher CT-value in the spleen and in the liver has to be expected once
all the agent is cleared from the vasculature. The half-life of the agent in the
vasculature was estimated to be 250 minutes. The long circulation time of the
agent may be exploited for the detection of “leaky” tumors (K. B. Ghaghada et al.
2011). Such tumors have vessels with large pores in the endothelial which can be
transverse by the agent nanoparticles, resulting in a contrast enhancement of the
tumor tissue (Badea et al. 2019).
A very interesting finding of this study was the detection of contrast enhancement
in the intestinal walls. After the injection of the agent, the intestinal walls uptake
the agent and reached a CT-value of 530±80 HU at the end of the experiment.
As for the liver and the spleen, the slope of the time-enhancement curves suggests
that a higher CT-value may be measured once the clearance process is completed.
No other examples of CT contrast agents accumulating in the intestine could be
found in the literature. The peculiar behavior of the agent is probably due to the
nanoparticle coating, which is property of NanoPET Pharma. The enhancement
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of the intestinal walls may have multiple applications in diagnostic imaging as
the detection of polyps or cancer colon. Another possible application could be
the detection of intestinal ischemia, where sections of the intestine may remain
unenhanced because of the reduction of blood flow.

5.1.1 Comparison with Iodinated Contrast Agent

A comparison between the novel bismuth-based agent and state-of-art iodinated
agents can be done using the measurements performed within this study. An
estimation of the vasculature enhancement provided by the iodine agent can
be obtained from the measurements of the multi contrast agent protocol, 15
minutes after the injection of 100 µL of the Exitron Myoc (iodine-based). The
enhancement measured in the vena cava is 426±21 HU. The estimation for
the bismuth enhancement was obtained by measuring one of the mice for the
characterization of the novel agent. In order to have comparable results, the
mouse injected with 125 µL of bismuth agent was scanned 15 minutes after the
injection using the same acquisition settings of the multi contrast agent protocol.
The enhancement measured in the vena cava for the bismuth agent had to be
proportionally scaled according to the used volume, resulting in an enhancement of
800±23 HU per 100 µL. According to the measurement, the bismuth agent provides
87% more contrast than the iodine contrast agent at the same concentration and
at the same injected volume. This can be explained by considering the used tube
voltage and the half-life of the two agents. The measurements were performed
with a tube voltage of 60 kV without prefiltration. The deployed spectrum can be
simulated using the tools described in Section 3.3.3 for a transmission tube. The
resulting spectrum has a center of mass around 28 keV, which is lower than the
K-edge of iodine. As it can be seen in Figure 5.1, at energies lower than the iodine

Figure 5.1: Attenuation coefficients of iodine and bismuth at the same
concentration.
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K-edge the attenuation coefficient of bismuth is higher than the one of iodine.
Another factor to consider is that the half-life of the Exitron Myoc (120 minutes)
is considerably shorter than the one of the bismuth agent (250 minutes). This
means that in the 15 minutes between the injection and the measurement the
deployed iodine agent is cleared from the vasculature at a higher rate than the
bismuth agent.

5.1.2 Multi Contrast Agent Protocol

The proposed multi contrast agent protocol was successfully tested in-vivo on one
healthy BL6 mouse. The Exitron Myoc iodine-based agent was used to enhance
the brown adipose tissue and the myocardium, whereas the novel bismuth agent
was used to simultaneously enhance the vasculature. The iodine accumulated in
the myocardium could be decomposed despite the low concentration (0.7 mg/mL).
Nonetheless, the narrow windowing settings required for its visualization high-
lighted also some ring artifacts at the center of the image. Such artifacts are
located in correspondence of the main intermodule gap of the detector (7 pixels),
which was herein impainted using linear interpolation. A possible strategy to
mitigate the artifact is to use more advanced inpainting algorithms (exemplar
or neural network-based (Eulig et al. 2018)) or to use ring artifact correction
methods (Feng et al. 2021). Furthermore, the visualization of the myocardium will
benefit cardiac gating and motion compensation. This will also highly improve
the potential of the proposed protocol, especially concerning myocardium infarct
imaging. In fact, as it has been shown by Sawall et al. 2017, the Exitron Myoc
iodine agent does not accumulate in the collagenous scar of the myocardium
infarcted tissue, which will therefore remain unenhanced. At the same time,
if cardiac motion compensation is applied, the bismuth agent can be used for
coronary artery imaging (Sawall et al. 2020a). This will enable the simultaneous
visualization of the infarcted tissue and of the myocardium vascularization, result-
ing in a better characterization of the disease.

The potential of material decomposition is especially highlighted in the sce-
narios where two enhanced features exhibit similar CT-values. An example of
this scenario can be found in daily clinical practice in the detection of calcified
plaques. Such highly attenuating features can have the same CT-value of the
contrast-enhanced vasculature and can therefore remain undetected. Another ex-
ample is clearly displayed by Figure 5.2, where an axial slice of the mouse injected
with the multi contrast agent protocol is shown. The image is acquired after the
injection of the second agent, therefore both the brown adipose tissue and the
vasculature are enhanced. As it is possible to see, it is extremely difficult to discern
the two features in the CT image (left). If the spectral information is exploited
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Figure 5.2: Axial slice of the shoulders of the mouse injected with the multi
contrast agent protocol. Right: CT image. The tissues enhanced by the
iodine and the bismuth agents exhibit the same CT-value. Left: material
decomposition. The different tissues are decomposed as different materials
and can be discerned.

and the material decomposition is performed, the brown adipose tissue is now
clearly visible in the iodine map whereas the vasculature is decomposed as bismuth.

The proposed protocol can be further improved by thoroughly exploiting the
characteristic of the novel bismuth agent. In fact, the half-life of the agent is 250
minutes, which is longer than the time needed by the Exitron Myoc to accumulate
in the myocardium (3 h). Therefore, the two contrast agents may be simultane-
ously injected at the beginning of the experiment and then a single CT acquisition
can be performed 3 h after the injection. The maximum allowed volume for
intravenous injection is 125 µL (for an average 25 g mouse) and therefore it must
be shared between the two contrast agents. Since it has been proven that the
Exitron Myoc provides sufficient contrast enhancement in the myocardium with
only 50 µL (Sawall et al. 2017), the remaining 75 µL can be used for the bismuth
injection. Using the results achieved in Section 4.1.1, it can be estimated that
3 h after the injection of 75 µL of bismuth agent, the vasculature will have a CT-
value of approximately 460 HU, which will be enough for a clear visualization of
the vasculature. An example of the vasculature at ∼500 HU is visible in Figure 4.5.

Finally, the novel bismuth agent can be exploited to design further multi contrast
agent protocols. These may involve more than one additional contrast agent or
different injection protocols. For example, a protocol (Figure 5.3) for abdominal
imaging can be designed by exploiting the late phase of the bismuth agent and
the early phase of another agent (e.g. iodine blood-pool) for the enhancement
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Figure 5.3: Multi contrast agent protocol for abdominal imaging. The
bismuth-based agent is injected first. After 3-5 h, the bismuth agent is
cleared from the vasculature and it accumulates in intestinal walls. Then, to
enhance the vasculature in the abdomen, an iodine-based agent is injected.

of the vasculature. This will enable the simultaneous imaging of the vasculature,
liver, spleen, and especially of the intestinal walls.

5.2 Potential of High-Z Elements for Clinical
CT

The measurements of the adult liver phantom with a fixed low energy threshold
(T0=20 keV) have shown how the contrast enhancement provided by elements with
K-edges at different energies is dependent on the tube voltage. In this scenario,
gadolinium outperformed all the other investigated high-Z elements for all the tube
voltages. The second set of measurements was performed with a fixed tube voltage
(120 kV) and two energy thresholds (T0 fixed at 20 keV and T1 varied between 50
and 90 keV), and the two bin images were combined to maximize the CNRCD. In
this scenario, the CNRCDmax of each element exhibited a wide flat maximum for
T1 between 50 keV and 70 keV, indicating that a fine threshold optimization can
not significantly increased the CNRCD. As a rule of thumb, T1 could be fixed to
50 keV independently of the high-Z element. This effect was already described
for iodine in Sawall et al. 2019. For each element, the CNRCDmax measured with
two energy thresholds was higher than the one measured with only one energy
threshold for the same tube voltage. The values herein found are compatible
with the ones obtained for iodine by Sawall et al. 2020b for the same phantom
size and tube voltage. The material decomposition performed on the same set
of two bin images showed how also in this scenario gadolinium outperforms all
the other investigated elements. Nonetheless, the material decomposition map
of gadolinium contained also contributions by iodine and bone. For elements
with K-edge at higher energies, the material decomposition had a significantly
lower CNRCD, but it showed only contributions by the specific element, without
interference from other highly attenuating materials. This suggests that, despite
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Table 5.1: For each patient size, prefilter setting and high-Z solution, the
maximum CNRCD in the simulated low threshold image (T0 = 20 keV).
The values are normalized to the CNRCD of iodine at Uref without Sn filter.
The tube voltage correspondent to the maximum is listed as well. For each
scenario, the maximum CNRCD was highlighted in bold.

High-Z Infant Adult Obese
element 15 cm × 10 cm 35 cm × 25 cm 50 cm × 40 cm

Uref = 80 kV Uref = 100 kV Uref = 120 kV
no Sn 0.4 mm Sn no Sn 0.4 mm Sn no Sn 0.4 mm Sn

I 1.00 0.82 1.00 0.87 1.0 0.83
80 kV 80 kV 100 kV 100 kV 120 kV 120 kV

Ce 1.17 1.00 1.21 1.08 1.21 1.04
80 kV 80 kV 100 kV 100 kV 120 kV 120 kV

Gd 1.10 1.19 1.39 1.34 1.45 1.30
80 kV 80 kV 100 kV 100 kV 120 kV 120 kV

Yb 0.82 1.02 1.17 1.41 1.38 1.46
90 kV 85 kV 100 kV 100 kV 120 kV 120 kV

W 0.65 0.75 0.96 1.22 1.20 1.43
100 kV 90 kV 105 kV 100 kV 125 kV 120 kV

Au 0.62 0.60 0.89 1.03 1.16 1.37
110 kV 110 kV 125 kV 115 kV 130 kV 125 kV

Bi 0.71 0.57 0.85 0.87 1.09 1.20
80 kV 80 kV 135 kV 125 kV 145 kV 135 kV

providing less contrast enhancement in the CT-images, the heavier elements like
tungsten and bismuth could be a more suitable choice when a clear decomposition
of the contrast agent from bone is essential (e.g. calcified plaques detection).
Good agreement was found between the measurements and the simulations for
all high-Z elements. The maximum measured deviations were found for the two
bins experiment for T1 > 70 keV. This is probably due to the simulated spectral
response does not reproduce accurately the real spectral response in the whole
interval of investigated energies.

After being validated with the measurements, the simulations were used to
investigate CNRCDs and dose reductions in different scenarios. A set of seven
ideal high-Z solutions (I, Ce, Gd, Yb, W, Au, and Bi) in water was used to
avoid contrast-enhancement due to the solvent or molecular structure of the
contrast agent. The maximum CNRCDs relative to iodine are listed in Table
5.1 for the different high-Z elements in the different scenarios. The elements
providing the highest CNRCD are highlighted in Table 5.1 for each scenario
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Table 5.2: For the investigated cases with simulations, the maximum dose
reductions for tube voltages ≥ Uref are listed.

Infant Adult Obese
Uref = 80 kV Uref = 100 kV Uref = 120 kV

Sn filter None 0.4 mm None 0.4 mm None 0.4 mm
Max dose reduction 27±2% 30±4% 48±1% 49±1% 53±2% 53±2%

Element Ce Gd Gd Yb Gd Yb
Tube voltage 80 kV 80 kV 100 kV 100 kV 120 kV 120 kV

and the corresponding dose reductions are summarized in Table 5.2. A result
common to all the patient sizes is that the maximum CNRCD is achieved at a
tube voltage equal to Uref . This is due to the general tendency of the CNRCD
to decrease with increasing tube voltage. Furthermore, as explained in Section
3.3.4, only improvements for U > Uref were considered. For the adult and obese
patient size, a potential dose reductions around 50% can be achieved by using
gadolinium instead of iodine at the same concentration. For the infant patient
size, a 27±2% dose reduction was achieved using cerium. As it can be seen in
figures 4.17 to 4.19, further dose reductions can be achieved in all scenarios if
tube voltages below Uref are considered. The examination of obese patients is the
most challenging concerning an adequate tube current time product. However for
these patients, the maximum dose reduction with U < Uref is 65±1% (gadolinium
at 90 kV without Sn filter), which is only slightly better than the 53±2% dose
reduction already found for gadolinium at 120 kV without Sn filter.

As shown in table 4.1, further increases of the CNRCD and consequent dose
reductions can be achieved by using two optimally-combined bin images instead
of only one threshold image. Despite improvements being measured for all the
considered elements, some specific elements benefit more than others from this
effect. From table 4.1, it can be seen how the ytterbium CNRCD increases by
9.5%, whereas for iodine the improvement is only 5.8%.

Gadolinium resulted to be the most promising high-Z element for contrast-
enhanced CT among all the investigated elements: it could provide around 50%
dose-reduction for adult and obese patients, and up to 30% for infant patients if
used in combination with a 0.4 mm Sn filter. Unlike the other high-Z elements, the
implementation of gadolinium as a CT contrast agent should be facilitated since
it is a well-established contrast agent for magnetic resonance imaging. However, it
has to be stressed that the gadolinium-based contrast agents which are currently
available in clinics have a concentration significantly lower than the iodine-based
contrast agents (see Table 3.3). A simplistic increase of the gadolinium con-
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centration is not the solution since gadolinium-based contrast agents are being
investigated for their potential toxicity for the human neurons (Pasquini et al.
2018; Bower et al. 2019). Nonetheless, nanoparticle contrast agents based on
gadolinium have been already studied for applications in magnetic resonance
(K. Ghaghada et al. 2008; Sitharaman et al. 2005) and micro-CT (Badea et al.
2019).
Besides contrast-enhancement and biocompatibility, also K-edge imaging and
material decomposition performance must be taken into account when evaluating
high-Z elements as potential CT contrast agents. Unlike iodine, the heavier
elements have K-edges at energies where photons are still transmitted through
the patient. This can be nicely exploited in combination with the adjustable
thresholds of PC detectors to generate bone-free material maps of the contrast
agent, as it was shown by the decomposition of bismuth in Figure 4.16. Another
application if the decomposition of multiple contrast agents at the same time, as
done in preclinical settings in Section 4.1.

5.2.1 Comparison with EI detectors

The findings of this work can be compared to the ones found by Nowak et al.
2011 for a similar investigation with an EI detector. One of the main differences
is that the CNRCD of the different elements decreases more rapidly for the EI
detector than for the PC detector as the tube voltage increases. For example,
when increasing the tube voltage from 80 kV to 140 kV for the adult phantom
size, the iodine CNRCD decreases by 31% for the PC detector, whereas for the
EI detector the decrease is 44%. This can be explained by considering that the
spectrum detected by the EI detector is weighted by the photon energy, and
therefore it becomes harder than the one detected by the PC detector as the
tube voltage increases. In figure 5.4 left the detected spectra (through a 32 cm
water phantom) are plotted for both detectors. The EI detector was simulated
as a Gd2O2S layer 1.4 mm thick. The PC detector was simulated as described
in section 3.3.3 at 80 and 140 kV. As it can be seen, for a tube voltage of 80 kV
the centers of mass of the two spectra are approximately the same, whereas at
140 kV the center of mass of the EI spectrum is 9% higher than the PC’s one.
In the interval of energies relevant for CT imaging, the attenuation coefficient of
matter without K-edge decreases with increasing energies. Therefore the contrast
measured by the EI detector will be lower than for the PC detector.

Another difference between the two investigations is that in each scenario the
maximum dose reduction for the EI detector is achieved by an element slightly
heavier than for the PC detector. For each scenario and detector, the atomic
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Figure 5.4: Left: For EI and PC detectors, the detected spectra through
32 cm of water are shown for tube voltages of 80 and 140 kV. The center of
mass (COM) is evaluated for each spectrum. Right: For each investigated
scenario, the high-Z elements which maximized the dose reduction are
displaced for EI (Nowak et al. 2011) and PC detectors.

number of the element providing the highest dose reduction is shown in figure 5.4
right. As discussed before, the spectrum detected by an EI detector has a higher
center of mass than that of a PC detector and therefore the maximum CNRCD
for EI detector is reached by elements with a K-edge at slightly higher energy
compared to PC detector.
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6 | Summary
Recently, two innovations are being investigated for clinical CT applications:
nanoparticle-based contrast agents and photon-counting (PC) detectors. Nanopar-
ticles can be used to densely pack a highly attenuating element different than
iodine and an engineered coating can be applied to the nanoparticles to create
targeted agents and to enhance the biocompatibility of the contained high-Z
element. This is particularly of interest for clinical applications since it may allow
to exploit the physical properties of elements heavier than iodine, which, at the
moment, is the only element allowed for intravenous injection for CT imaging.
The PC detectors originally developed at CERN for particle tracking are being
investigated for CT applications, and whole body PC scanners are already com-
mercially available since November 2021. PC detectors have been already proven
to provide better performance than conventional energy-integrating (EI) detectors
concerning image noise, spatial resolution and iodine quantification. The main
feature of the PC detector is the possibility to acquire spectral data thanks to the
multiple and adjustable energy thresholds. This feature can be used in combina-
tion with high-Z materials which exhibit a K-edge in the energy interval of interest.

In this thesis, the potential of high-Z elements for novel non-iodinated contrast
agents was investigated in combination with the novel PC-CT technology. The
topic was addressed both at a preclinical and clinical level.

In preclinical imaging, contrast agents based on elements heavier than iodine
are already commercially available and new ones are constantly developed. In
this frame, a novel contrast agent based on bismuth was herein tested for the first
time in-vivo. To do so, an experimental gantry equipped with a PC detector was
assembled specifically for this application. The gantry geometry was modelled to
fulfill the requirements of a micro-CT scanner. The bismuth agent was injected
in four healthy black mice, which were then scanned at regular time intervals to
quantify the biodistribution of the agent as a function of time. The results showed
that right after the injection, the bismuth agent provides a contrast enhancement
of about 1200 HU in the vasculature. Then the agent is slowly cleared from the
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system with a biological half-life of approximately 250 minutes and accumulates
in the liver and in the spleen. Interestingly, the agent also accumulates slowly in
the intestinal wall and provides 530 HU of contrast enhancement 5 h after the
injection. This specific behavior of the novel agent is probably due to engineered
coating applied to the nanoparticles, which is property of the manufacturer. Up
to my knowledge, no other example of CT-agents accumulating in the intestinal
walls are available in the literature, making the investigated bismuth agent an
innovation with many possible application in abdominal diagnostic imaging, like
polyps and intestinal ischemia detection or colon cancer imaging. Compared to
an iodine-based nanoparticle agent, the bismuth agent provides about 80% more
contrast than iodine at the same concentration and has a half-life more then twice
longer. Furthermore, a protocol for multi contrast imaging was herein proposed
and tested in-vivo on one mouse. The results showed that the novel bismuth
agent can be used in combination with the Exitron Myoc (iodine-based) for the
simultaneous imaging of the myocardium, brown adipose tissue and vasculature.

In a clinical scenario, the potential of high-Z elements for contrast-enhanced
PC-CT was thoroughly investigated in a wide variety of scenarios, both with
phantom measurements and simulations. For each element, the contrast-to-noise
ratio at unit concentration and at unit dose (CNRCD) was compared to the gold
standard iodine for different patient sizes (infant, adult and obese), tube voltages
(from 70 to 150 kV), filtration settings (with and without 0.4 mm Sn filter) and
energy threshold values. Between the investigated elements, gadolinium provided
the highest contrast enhancement in most scenarios. Compared to iodine, the
usage of gadolinium lead to dose reductions up to 50% for adult and obese patients,
and up to 30% for infant patient in combination with a 0.4 mm Sn filter. Since
gadolinium is already used as a contrast agent for magnetic resonance imaging, its
implementation as a CT contrast agent should be facilitated compared to other
high-Z elements. Further dose reductions can be achieved by using two optimally
combined bin images. The material decomposition performance of the high-Z
elements were quantified using the measurements of the adult liver phantom
with two energy thresholds and a tube voltage of 120 kV. The results confirmed
again that gadolinium outperforms all the other investigated high-Z elements,
but its material map showed contributions from other materials contained in the
phantom, especially bone. For other elements with a K-edge at higher energies,
like tungsten and bismuth, the CNRCD of the material decomposition resulted up
to four times lower than for gadolinium, but no undesired contributions by other
materials were present in the material decomposition. This will be particularly
of interest for applications like calcified plaque detection, where it is essential
to discern between the contrast-enhanced lumen of the vessels and the highly
attenuating plaques.
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7 | Zusammenfassung

Aktuell werden zwei Neuerungen für klinische CT-Anwendungen untersucht: Kon-
trastmittel auf Basis von Nanopartikeln und photonenzählenden (PC)-Detektoren.
Mit Hilfe von Nanopartikeln lässt sich ein stark absorbierendes Element dicht
verpacken und es kann eine synthetisch hergestellte Beschichtung auf die Nanopar-
tikel aufgebracht werden, um maßgeschneiderte Kontrastmittel zu erzeugen und
die Biokompatibilität des eingeschlossenen Elements zu gewährleisten. Dies ist ins-
besondere für klinische Anwendungen von Interesse, da derzeit nur Kontrastmittel
auf Basis von Jod für die intravenöse Injektionen in der klinischen CT-Bildgebung
zugelassen sind. Die physikalischen Eigenschaften von Elementen mit hoher Kern-
ladungszahl, welche schwerer als Jod sind, könnten allerdings Vorteile bringen.
Die ursprünglich am CERN zum Teilchen-Tracking entwickelten PC-Detektoren
werden für CT-Anwendungen untersucht. Ganzkörper-PC-Scanner sind bereits
kommerziell erhältlich. Es wurde bereits nachgewiesen, dass PC-Detektoren
hinsichtlich Bildrauschen, räumlicher Auflösung und Jodquantifizierung eine
bessere Leistung als herkömmliche energieintegrierende (EI)-Detektoren bieten.
Eines der Hauptmerkmale des PC-Detektors ist die Möglichkeit, Spektraldaten
dank mehrerer einstellbarer Energieschwellen zu erfassen. Dieses Merkmal kann
in Kombination mit Materialien mit hohem Z verwendet werden, die eine K-
Absorptionskante im untersuchten Energieintervall aufweisen, um Bilder zu erzeu-
gen, welche nur einzelne Materialien zeigen (Materialzerlegung).
In dieser Arbeit wurde das Potenzial von schweren Elementen für neuartige nicht
auf Jod basierende Kontrastmittel in Kombination mit der neuartigen PC-CT-
Technologie untersucht. Das Thema wurde sowohl auf präklinischer als auch auf
klinischer Ebene bearbeitet.
In der präklinischen Bildgebung sind Kontrastmittel auf Basis schwererer Elemente
als Jod bereits kommerziell erhältlich und werden ständig neu entwickelt. In
diesem Rahmen wurde hier erstmals ein neuartiges Kontrastmittel auf Wismutbasis
in-vivo getestet. Dazu wurde eigens für diese Anwendung eine mit einem PC-
Detektor ausgestattete Versuchsgantry aufgebaut. Die Gantry-Geometrie wurde
so modelliert, dass sie die Anforderungen eines Micro-CT-Scanners erfüllt. Das
Wismut-Kontrastmittel wurde in vier gesunde schwarze Mäuse injiziert, die dann
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in regelmäßigen Zeitabständen gescannt wurden, um die metabolische Verteilung
des Agents als Funktion der Zeit zu quantifizieren. Die Ergebnisse zeigten, dass das
Wismut-Kontrastmittel direkt nach der Injektion eine Kontrastverstärkung von
1200 HU im Gefäßsystem liefert. Anschließend wird es mit einer Halbwertszeit von
ca. 250 Minuten langsam aus dem System ausgeschieden und reichert sich in Leber
und Milz an. Interessanterweise reichert sich der Wirkstoff auch langsam in der
Darmwand an und liefert 5 h nach der Injektion etwa 530 HU Kontrastverstärkung.
Dieses spezifische Verhalten ist wahrscheinlich auf eine auf die Nanopartikel aufge-
brachte synthetische Beschichtung zurückzuführen, die Eigentum des Herstellers
ist. Meines Wissens ist kein anderes Beispiel für CT-Kontrastmittel in der Liter-
atur bekannt, welches sich in den Darmwänden anreichert. Daraus ergeben sich
viele potenzielle Anwendungen in der diagnostischen Bildgebung des Abdomens
mit Wismut-Kontrastmitteln, wie Bildgebung zur Erkennung von Polypen und
Darmischämie oder die Bildgebung von Dickdarmkrebs. Im Vergleich zu einem
jodbasierten Nanopartikel-Kontrastmittel bietet das wismutbasierte bei gleicher
Konzentration etwa 80% mehr Kontrast als Jod und hat eine mehr als doppelt so
lange biologische Halbwertszeit. Darüber hinaus wurde hier ein Protokoll für die
Multikontrastbildgebung vorgeschlagen und in-vivo an einer Maus getestet. Die
Ergebnisse zeigten, dass das neuartige Wismut-Kontrastmittel in Kombination
mit dem Exitron Myoc (jodbasiert) zur simultanen Bildgebung des Myokardiums,
des braunen Fettgewebes und der Gefäße eingesetzt werden kann.

Im klinischen Szenario wurde das Potenzial von schweren Elementen für die
kontrastverstärkte PC-CT in einer Vielzahl von Szenarien sowohl mit Phantommes-
sungen als auch mit Simulationen gründlich untersucht. Für jedes Element wurde
das Kontrast-Rausch-Verhältnis bei Einheitskonzentration und bei Einheitsdosis
(CNRCD) mit dem Goldstandard Jod für verschiedene Patientengrößen (Säuglinge,
Erwachsene und Adipositas), Röhrenspannungen (von 70 bis 150 kV), Filtereinstel-
lungen (mit und ohne 0,4 mm Sn-Filter) und Energieschwellen verglichen. Von den
untersuchten Elementen lieferte Gadolinium in den meisten Szenarien die höchste
Kontrastverstärkung. Im Vergleich zu Jod führte die Verwendung von Gadolinium
zu Dosisreduktionen von bis zu 50% bei erwachsenen und adipösen Patienten
und bis zu 30% bei Säuglingen in Kombination mit einem 0.4 mm Sn-Filter.
Da Gadolinium bereits als Kontrastmittel für die Magnetresonanztomographie
verwendet wird, sollte seine Umsetzung als CT-Kontrastmittel im Vergleich zu
anderen schweren Elementen einfacher sein. Weitere Dosisreduktionen können
durch die Verwendung von zwei optimal kombinierten Bin-Bildern erreicht werden.
Die Eignung zur Materialdekomposition der schweren Elemente wurde anhand der
Messungen des Erwachsenen-Leberphantoms mit zwei Energieniveaus und einer
Röhrenspannung von 120 kV quantifiziert. Die Ergebnisse bestätigten erneut,
dass Gadolinium alle anderen untersuchten schweren Elemente übertrifft, aber
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Gadolinium-Bilder zeigten Beiträge anderer im Phantom enthaltener Materialien,
insbesondere Knochen. Für andere Elemente mit einer K-Kante bei höheren
Energien, wie Wolfram und Wismut, war die CNRCD der Materialdekomposition
bis zu viermal niedriger als für Gadolinium, aber es waren keine unerwünschten
Beiträge anderer Materialien in der Materialzerlegung vorhanden. Dies ist ins-
besondere für Anwendungen wie die Erkennung von verkalkten Plaques von
Interesse, bei denen es wichtig ist, zwischen dem kontrastverstärkten Volumen
der Gefäße und den stark abschwächenden Plaques zu unterscheiden.
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