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Introduction and outline of the thesis

Lotte E J R Schyns

Introduction and outline of the thesis

Cancer
Causing about 1 in 6 deaths worldwide, cancer is a major health problem that
accounts for an estimated 9.6 million deaths in 2018.

1

Cancer is a generic term

for a large group of diseases in which the rapid creation of abnormal cells results

in non-functional tissues called tumors. These tumors can invade adjoining organs

and spread throughout the body while competing with healthy tissues. As a result,
the healthy tissue’s biological processes can be severely compromised, eventually
leading to organ failure and death if the cancer is left untreated for too long.

Cancer treatments can be grouped in three different categories. The first category

is surgery, in which one or multiple tumors are removed from the body. The second

category is systemic therapy, such as chemotherapy and immunotherapy, in
which substances are administered that travel through the bloodstream, reaching
and affecting cells all over the body. The third and final category is radiotherapy,

in which tumors are targeted using radiation (from external beams or internal
sources). Most cancer patients are treated using a combination of these categories.
This thesis, however, focuses only on external beam radiotherapy.

Radiotherapy
The aim of radiotherapy is to kill tumor cells using ionizing radiation. During the
radiotherapy treatment, a large amount of energy is deposited in the tumor via
photon, electron, proton or heavy ion sources. This causes DNA strands in the

tumor cells to break and destroys the cells’ ability to divide and grow, which
effectively kills the tumor. Not only tumor cells are affected by radiation. Cells in

the healthy tissues surrounding the tumor and cells through which the radiation
beam passes can be damaged or killed during the radiotherapy treatment. This
can cause both acute (short-term) and chronic (long-term) side effects.

To maximize the quality of life after radiotherapy, limiting the side effects

is important. This can be done by sparing as much healthy tissue as possible,

meaning that the surrounding organs at risk receive an extremely low radiation
dose while the tumor receives an extremely high radiation dose. From a physical
perspective, this can be challenging and may not even be possible. Therefore,
the optimal radiotherapy treatment plan is a compromise between these two
objectives.

9
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As there are many factors and compromises involved, accurate radiotherapy
treatment planning requires sophisticated software to find the optimal radiotherapy

treatment plan. First, a CT image of the patient is acquired to determine the location
and borders of the tumor and the surrounding organs at risk. Clinical treatment
planning software is then used to aim virtual radiation beams at the tumor in the

CT image and to calculate a virtual radiation dose distribution for both the tumor

and the surrounding organs at risk. Based on these dose calculations, multiple
parameters such as the direction, shape, intensity and duration of the radiation
beams are adjusted, followed by a new dose calculation and assessment. This
process is repeated until the optimal radiotherapy treatment plan is found.

Preclinical studies
To better understand the effects of radiation on both tumors and healthy tissues,
preclinical studies are sometimes required which are performed on cells (in vitro)

or living animals (in vivo) in a laboratory setting before the knowledge obtained
from these studies reaches the patient in the clinic. Due to ethical and financial
reasons, it is preferred to test new hypotheses on cells or animals first. Fundamental

preclinical studies investigate the role of certain genes and/or molecules in
biological processes. Translational preclinical studies investigate new treatment
possibilities, such as combining new chemotherapeutic agents with radiotherapy.

The complexity of cancer models used in preclinical studies ranges from isolated
cancer cells in a petri dish to patient-derived tumors that are transplanted into an
animal with genetically modified characteristics. A growing awareness of the fact

that factors outside the cancer cells (e.g. vasculature and immune system) have a
significant impact on the tumor response has led to the development of improved
cancer models, which are better representations of cancers found in patients.

It is important to replicate clinical treatment conditions in preclinical studies as
accurately and faithfully as possible. Useful conclusions cannot be drawn from

studies that are too far removed from the clinical scenario. This is true for the
cancer model, but it is also true for the equipment that is used to irradiate the
cells or animals.

10
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Image-guided small animal irradiators
Although it is possible to perform preclinical studies using clinical hardware and
software that are intended to treat humans,

2–6

a number of problems arise due to

the large difference in size between small animals and humans.

7,8

The first problem is the beam size. The smallest beams that can be accurately
delivered by unmodified clinical systems are in the order of 5 x 5 mm2. This

limitation is caused by both hardware and software issues. The hardware issues
are related to the design of the linear accelerator head, the available energies and
the targeting precision (combined positioning, stability and reproducibility).

7

The

software issues are related to the accuracy of dose calculations for small fields in
clinical treatment planning systems. It has been shown that the uncertainties in
dosimetry and dose calculations increase rapidly with decreasing field sizes.

9,10

For humans, 5 x 5 mm2 beams are relatively small; it is even possible to cover

specific subsections of a tumor. For small animals, however, 5 x 5 mm2 beams

are relatively large and can even span multiple organs in addition to the tumor,

which would drastically influence the outcome of a study. In general, only crude

experiments in which large areas of the animal are irradiated are possible when
using clinical systems.

The second problem is the energy of the beam. The typical megavoltage beams
used in clinical external beam radiotherapy reach the maximum radiation dose
after traveling through a few centimeters of tissue (the so-called buildup region).

In the case of small animals, this means that the buildup region is as large as

the animal itself. Furthermore, the amount of tissue in the beam is considerably
lower for small animals than for humans, which causes a comparative lack of

backscatter. The buildup and backscatter issues result in a substantial amount
of radiation passing through the animal without depositing energy. This can be

solved by switching from megavoltage beams to kilovoltage beams, which have
additional advantages, such as sharper penumbras (edges of the beam) and a

more compact x-ray source that is able to fit in a self-shielding cabinet and that
can also be used for CT imaging.

The third problem is the imaging. As explained previously, a CT image is required
in the treatment planning process. Clinical CT scanners can acquire images with
discrete voxels (three-dimensional pixels) that have a length of 1.0 mm (or 0.5

mm) at best. In the case of a mouse with a typical 3 cm diameter, this means
that a single CT slice would be a 30 x 30 pixel (or 60 x 60 pixel) image. A higher
resolution is required, which can be achieved by using a high-resolution imaging

11
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panel and by increasing the magnification factor (e.g. by positioning the animal
closer to the x-ray source).

The fourth problem is the dose calculation. Aside from the obvious issue that the
typical dose grids in clinical treatment planning systems are too large for small
animals, these systems are typically designed for usage with clinical hardware

and megavoltage beams only. Clinical treatment planning systems use different

variations of the superposition-convolution method to calculate dose distributions.
While this method is relatively fast, it is unable to fully account for tissue

heterogeneity (see next problem). A more suitable method for preclinical dose
calculations is the Monte Carlo method, which involves simulating the transport of
individual particles.

The fifth problem is tissue heterogeneity. Not all tissues in the beam have the
same elemental composition. Different tissues contain different amounts of

chemical elements, such as hydrogen (H), carbon (C), nitrogen (N), oxygen (O),
phosphorus (P) and calcium (Ca). Bone tissues, for example, have higher Ca mass

percentages than soft tissues. When performing dose calculations for megavoltage
beams, tissue heterogeneity is generally not an issue. It is often assumed that all
tissues in the beam are water, which is sufficient in most cases. For kilovoltage
beams, however, the energy deposition is strongly influenced by the elemental

composition of the tissue. Therefore, it is important to segment the CT image into
different tissue types and assign the correct elemental composition to each tissue
type before starting the dose calculation. A more detailed explanation is provided
in the next section.

It can be concluded from the above that clinical systems are suboptimal if not

unsuitable for performing preclinical studies. A completely new approach to external
beam radiotherapy is required, which has led to the development of dedicated
hardware and software. Image-guided small animal irradiators allow accurate

targeting of tumors with narrow kilovoltage beams and small animal treatment

planning systems are able to perform accurate dose calculations for these beams.
7,8

Commercial systems are now available from several manufacturers.

11,12

In

addition to these systems, academic research institutes are developing their
own non-profit systems.

available.

13,14

Small animal treatment planning systems are also

15,16

Figure 1 shows an example of an image-guided small animal irradiator, the X-RAD

225Cx (Precision X-Ray, North Branford, Connecticut, USA). This system has a

kilovoltage x-ray source that can be used for both irradiating and imaging small

12
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animals. A high-resolution imaging panel is positioned on the opposite side of the
rotating gantry, enabling the acquisition of cone beam CT (CBCT) images.

Figure 1: The X-RAD 225Cx image-guided small animal irradiator. Source:

15

.

In addition to performing preclinical studies, image-guided small animal irradiators
are highly suitable for exploring new imaging and irradiation techniques. While

clinical hardware and software are generally closed systems that can be operated
only within the narrow window of their intended functionality, preclinical hardware

and software are more open systems as their intended purpose is broader and

therefore allow room for experimentation. Additionally, operating a preclinical
system is often cheaper than operating a clinical system and, more importantly,
operating a preclinical system does not take up valuable patient treatment time.

Tissue segmentation
An important difference between dose calculations for kilovoltage and megavoltage
beams is the influence of a tissue’s elemental composition on the energy

deposition in that tissue. The energy deposition for kilovoltage beams, in contrast
to megavoltage beams, depends strongly on the atomic number Z of the elements

in the tissue. This dependence is related to the fact that photons have different

interaction probabilities at different energies. As shown in Figure 2, the dominant
photon interaction in water for the 225 kVp range, typical for image-guided small

13
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animal irradiators, is photoelectric absorption (green line). The dominant photon
interaction for megavoltage beams is incoherent scatter (blue line).

Figure 2: Photon interaction cross sections for water as a function of photon energy. The
vertical black lines indicate the mean photon energy of the x-ray spectra that are most
commonly used in two commercially available small animal irradiators. The grey area
spans the photon energy range of a 225 kVp beam. Data in these plots were obtained from
the XCOM photon cross sections database. 17

In the process of photoelectric absorption, an incident photon is completely absorbed

by an electron in the tissue which results in that electron being ejected from its
atom. In the process of incoherent scattering, also known as Compton scattering,

an incident photon is scattered by an electron in the tissue, resulting in a decrease

in energy (increase in wavelength) of the photon. Both photon interactions have

an approximately linear dependence on the number of electrons in a given volume

(electron density). Photoelectric absorption, however, has an additional (and much
stronger) Z dependence that can be described by a mathematical power function.

This dependence is illustrated in Figure 3 by means of the mass energy-absorption
coefficient μen/ρ, which is proportional to the absorbed radiation dose.

14
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Figure 3: Mass energy-absorption coefficients for several tissues as a function of photon
energy. The vertical black lines indicate the mean photon energy of the x-ray spectra that
are most commonly used in two commercially available small animal irradiators. The grey
area spans the photon energy range of a 225 kVp beam. Data in these plots were obtained
from the NIST tables of photon mass attenuation coefficients and mass energy-absorption
coefficients. 18

For photon energies above 200 keV, the difference in μen/ρ for the different

tissues is negligible. As the photon energy decreases, the differences between
the different tissues become more pronounced. The bone tissues (femur and rib)

stand out from the soft tissues (adipose, muscle and thyroid) due to the higher
mass percentage of calcium (Z = 20). The thyroid tissue has the highest μen/ρ

among the soft tissues due to the iodine (Z = 53) that is present in the thyroid.
Even though the concentration of iodine in the thyroid is only 0.1 mass percent,

19–21

the strong Z dependence results in a noticeable impact on μen/ρ and thus on

the absorbed radiation dose.

The problem of tissue heterogeneity in kilovoltage beams is not limited to the field
of small animal radiotherapy. In the field of brachytherapy, radiation sources are

placed inside the patient to reach the tumor from a close distance. These sources
emit photons in the kilovoltage energy range, resulting in a similar Z dependence

of the absorbed radiation dose. 22 In addition to brachytherapy, tissue composition

is also an important factor in proton therapy and proton range verification
techniques.

23–25
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Since the absorbed radiation dose for tissues in kilovoltage beams depends

strongly on the elemental composition of the tissues, they need to be taken into
account when performing (pre)clinical dose calculations. Currently, the elemental

tissue compositions that are used in these dose calculations are taken from the
reference data for human tissue compositions and mass densities, listed in several

reports by the International Commission on Radiation Units and Measurements
(ICRU) and the International Commission on Radiological Protection (ICRP).

19–21

Instead of relying on the human reference data, it would be preferable to extract

information about the elemental composition of the tissues from CT images
which are used in the treatment planning process. This information, in contrast
to density information, cannot be obtained from conventional single energy CT

(SECT) images. A new technique is required. When combining two CT or CBCT

images that are acquired with different x-ray spectra, it is possible to extract
additional information from these images. This technique is called dual energy CT
(DECT).

26–28

Dual energy CT
Two CT images with different x-ray spectra can be obtained by acquiring two CT

images in two consecutive scans with different x-ray tube voltages (dual-spiral),
by rapidly switching the tube voltage during the acquisition (rapid kilovoltage
switching), by dividing the x-ray beam in two halves using different filters (twinbeam), by using two different detector layers (dual-layer) or by using two x-ray

sources and two sets of detectors (dual-source). The different DECT modalities

result in different combinations of x-ray spectra. As an example, Figure 4 shows
the x-ray spectra for a dual-spiral DECT scanner and a twin-beam DECT scanner.

16
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Figure 4: Examples of x-ray spectra for two different dual energy CT modalities: dualspiral (left) and twin-beam (right). The area under the curve is normalized to unity.

Quantitative DECT imaging involves the extraction of numbers from DECT images.
Of special interest for this thesis are the effective atomic number Zeff and the

relative electron density ρe. Zeff is related to the elemental composition of the tissue

and ρe is related to the density of the tissue. Theoretically, both Zeff and ρe can be

resolved for each voxel, which would allow an assessment of the spread in tissue

composition and density within tissues. An additional advantage of quantitative
DECT imaging is the possibility to analyze the patient’s in vivo tissues instead of
ex vivo tissue samples.

Outline of the thesis
Chapter 1 is the introduction of this thesis, in which the importance of tissue

segmentation and the role of DECT in the tissue segmentation process are
discussed.

Chapters 2, 3, 4 and 5 focus on preclinical DECT imaging. The feasibility of
quantitative DECT imaging for small animal irradiators with an integrated CBCT
system is described in chapter 2.

29

The accuracy of extracted Zeff and ρe values is

determined in a phantom study. Imaging protocols are optimized by minimizing

17
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the difference between extracted and reference Zeff and ρe values. An additional

simulation study investigates the influence of beam hardening effects and the

performance of a beam hardening correction on the accuracy of extracted Zeff and
ρe values.

The effect of different image reconstruction techniques on quantitative DECT
imaging is analyzed in chapter 3.

30

Phantom images are reconstructed with

different image reconstruction techniques and a quantitative DECT analysis is

performed on these images to determine if there is any benefit in choosing an

iterative reconstruction technique instead of the conventional backprojection

reconstruction technique. For clinical DECT imaging, a clear benefit was found
in the form of noise reduction and improved dose calculation accuracy.

31

For

preclinical DECT imaging, however, there might be no benefit in choosing an
iterative reconstruction technique.

The implications of using human tissue compositions for dose calculations in mice
are investigated in chapter 4.

32

In this study, the previously introduced DECT

technique is used to extract Zeff and ρe distributions for different tissues in DECT

images of mice. μen/ρ distributions are calculated from the extracted Zeff and ρe

distributions and compared to μen/ρ values that are calculated from the ICRU and

ICRP reference data. Since differences in μen/ρ are proportional to differences in

absorbed radiation dose, relative dose calculation differences between murine

tissues (extracted values) and human tissues (reference values) tissues can be
obtained.

The feasibility of using preclinical DECT images for tissue segmentation and its
potential dose calculation accuracy gain are considered in chapter 5.

33

Both

SECT and DECT tissue segmentation techniques are performed on CT images of

a phantom and an ex vivo mouse. Both tissue segmentation techniques are used

with a number of different material maps to perform Monte Carlo dose calculations
and investigate the impact of the tissue segmentation technique on the calculated
dose distributions.

Moving from the preclinical environment to the clinical environment, chapters
6 and 7 focus on clinical DECT imaging. A novel twin-beam DECT scanner is
assessed in chapter 6.

34

At the time, this scanner was being considered for

purchase by the clinic. Since quantitative DECT data was not yet available for this

scanner, measurements were performed using a prototype in the Siemens factory
in Forchheim, Germany. A phantom study compares extracted Zeff and ρe values
between the twin-beam DECT scanner and two dual-source DECT scanners. The

18
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extracted values are also compared to reference values provided by the phantom
manufacturers to investigate which DECT scanner provides the most accurate
DECT data.

The well-established ICRU and ICRP reference data for elemental tissue
compositions and tissue densities are reevaluated in chapter 7.

35

The first DECT

images that were acquired using the clinic’s new dual-spiral DECT scanner are used
to extract Zeff and ρe distributions for different in vivo tissues in cancer patients.

μen/ρ distributions are calculated from the extracted Zeff and ρe distributions and

compared to μen/ρ values that are calculated from the ICRU and ICRP reference

data. This chapter follows the approach of chapter 4 and adds an additional
analysis of the influence of beam hardening artifacts as well as the influence of
motion and image registration artifacts on the extracted Zeff and ρe distributions.

Chapter 8 contains a general discussion of the previous chapters and sheds
light on a number of future perspectives regarding the improvement of tissue
segmentation.

19
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Abstract
Objective To investigate whether quantitative dual energy CT (DECT) imaging
is feasible for small animal irradiators with an integrated cone beam CT (CBCT)
system.

Methods The optimal imaging protocols were determined by analyzing different

energy combinations and dose levels. The influence of beam hardening effects

and the performance of a beam hardening correction (BHC) were investigated.
In addition, two systems from different manufacturers were compared in terms

of errors in the extracted effective atomic numbers (Zeff) and relative electron

densities (ρe) for phantom inserts with known elemental compositions and relative
electron densities.

Results The optimal energy combination was determined to be 50 and 90 kVp.

For this combination, Zeff and ρe can be extracted with a mean error of 0.11 and
0.010, respectively, at a dose level of 60 cGy.

Conclusion Quantitative DECT imaging is feasible for small animal irradiators
with an integrated CBCT system. To obtain the best results, optimizing the imaging
protocols is required. Well-separated x-ray spectra and a sufficient dose level

should be used to minimize the error and noise for Zeff and ρe. When no BHC is

applied in the image reconstruction, the size of the calibration phantom should

match the size of the imaged object to limit the influence of beam hardening
effects. No significant differences in Zeff and ρe errors are observed between the
two systems from different manufacturers.

Advances in knowledge This is the first study that investigates quantitative
DECT imaging for small animal irradiators with an integrated CBCT system.
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Introduction
Dual energy CT (DECT) imaging is now commonly used for a wide range of

radiological purposes and shows potential for improving various parts of the
radiotherapy workflow.

1

It has already been shown that DECT imaging can

improve the accuracy of tissue segmentation and Monte Carlo dose calculations in
the kilovoltage energy range,

2–8

which is promising for small animal radiotherapy.

However, for preclinical imaging and small animal radiotherapy purposes, DECT

imaging is still largely unexplored. Previous research in the field of small animal
DECT imaging focused on using nanoparticle-based contrast agents to investigate
atherosclerotic plaques, tumor vasculature and cardiac injury.

9–13

For DECT imaging, two images are acquired with two different x-ray spectra, which
can be obtained by applying different x-ray tube voltages and/or different filters.

The resulting CT number images can be decomposed into effective atomic number

(Zeff) images and relative electron density (ρe) images. 14,15 The current small animal
irradiators with an integrated cone beam CT (CBCT) system are not able to acquire

the two different images simultaneously. However, the images can be acquired
consecutively.

To achieve the typical submillimeter voxel sizes in small animal imaging, a relatively
high imaging dose is required, which is generally one or two orders of magnitude
higher than that in human imaging.

16,17

Although higher dose levels lead to

better image quality, the imaging doses should always be as low as reasonably
achievable to ensure the welfare of the animal and to avoid compromising the

biological processes of interest. Tumor growth can be affected by doses exceeding
1 Gy; 18 so, when two CT images are acquired for DECT imaging, the dose level for

each acquisition should be below 50 cGy.

The aim of this work was to investigate whether quantitative DECT imaging is

feasible for small animal irradiators with an integrated CBCT system. The optimal
imaging protocols were determined by analyzing different energy combinations
and dose levels. The influence of beam hardening effects and the performance of

a beam hardening correction (BHC) were investigated. In addition, two systems
from different manufacturers were compared in terms of errors in the extracted

Zeff and ρe for phantom inserts with known elemental compositions and relative
electron densities.
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Methods and materials
Mini phantoms
A series of measurements and simulations were performed using two mini
phantoms each with 12 cylindrical inserts that have a 3.5 mm diameter (SmART

Scientific Solutions, Maastricht, Netherlands). Figure 1 shows the phantom layout
and Table 1 lists the Zeff and ρe reference values provided by the manufacturer.
One phantom, containing parts of tissue-equivalent inserts of a Gammex RMI 467

phantom (Gammex, Middleton, Wisconsin, USA), was used for calibration. The

other phantom, containing parts of CIRS 002ED inserts (CIRS, Norfolk, Virginia,
USA) plus other materials with known Zeff and ρe, was used for validation. The water

insert was created by filling a nuclear magnetic resonance (NMR) sample tube
(Wilmad-LabGlass, Vineland, New Jersey, USA) with distilled water. The inserts are

contained in a Gammex CT Solid Water casing with a 3 cm diameter and a 1 cm
width.

Figure 1: Phantom layout. Numbers 1-12 relate to Table 1.
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Table 1: Effective atomic number (Zeff) and relative electron density (ρe) reference values
provided by the manufacturer.
Calibration phantom
Nr Insert name

Validation phantom
Nr Insert name

Zeff

ρe

6.21

0.928

1

Zeff

ρe

Gammex BR12 Breast

6.93

0.956

1

Gammex AP6 Adipose

2

Gammex CT Solid Water

7.74

0.992

2

Teflon

8.46

1.860

3

Gammex IB3 Inner Bone

10.42

1,086

3

Lucite

6.53

1.146

4

Gammex SR2 Brain

6.09

1.047

4

Air

7.71

0.001

5

Gammex CB2-30% CaCO3 10.90

1.276

5

PMMA

6.53

1.156

6

Gammex BR12 Breast

6.93

0.956

6

Paraffin Wax

5.48

0.959

7

Air

7.71

0.001

7

Water

7.48

1.000

8

Water

7.48

1.000

8

CIRS Muscle

7.59

1.041

9

Gammex B200 Bone
Mineral

10.42

1.103

9

Air

7.71

0.001

7.74

1.064

10 Air

7.71

0.001

13.64

1.695

11 CIRS Adipose

6.44

0.956

12 Gammex CB2-50% CaCO3 12.54

1.469

12 CIRS Bone

11.90

1.507

10 Gammex LV1 Liver
11 Gammex SB3 ortical Bone

Imaging protocols
For the first set of measurements, the mini phantoms were imaged using an X-RAD
225Cx system (Precision X-Ray, North Branford, Connecticut, USA).

19

The images

were acquired for a series of x-ray tube voltages ranging from 40 to 100 kV in 10 kV

increments. Each of the seven x-ray spectra were filtered with 2 mm of aluminum.
The acquired images were reconstructed into a 328 x 311 x 591 matrix with a 103 x

103 x 103 μm3 voxel size using a Feldkamp backprojection algorithm. 20 To achieve

an equivalent dose level of 30 cGy for each energy (60 cGy for any combination of

two energies), the exposures (product of tube current and exposure time) listed in
Table 2 were used. To verify the dose level for each energy, measurements using
a TN30012 Farmer ionization chamber (PTW, Freiburg, Germany) were performed

according to the AAPM TG-61 protocol for kilovoltage x-ray beam dosimetry to
determine the absorbed dose to water at the surface of the phantom.

inside the phantom is considerably lower than the surface dose.

21

The dose
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Table 2: Exposures for the different x-ray tube voltages.
Tube voltage (kV)

Exposure (mAs)

40

1111.2

50

670.8

60

477.0

70

369.6

80

300.0

90

249.6

100

213.6

For all 21 energy combinations, a separate calibration and validation were performed.
To investigate the influence of the dose level on the mean error and standard

deviation for Zeff and ρe, the total dose level of 60 cGy for the optimal energy
combination was reduced to 45 and 30 cGy. New images were acquired using the
X-RAD 225Cx system and a new calibration and validation were performed for
each dose level.

The influence of beam hardening effects was investigated by performing
simulations using ImaSim.

22

Seven different x-ray spectra, equivalent to the ones

used for the measurements, were generated with SpekCalc.

23–25

These spectra

were used to simulate images of both the calibration and validation phantom with
different diameters of 3, 5 and 7 cm, as shown in Figure 2. The image reconstruction
was performed with and without ImaSim’s built-in BHC, which is based on water

attenuation properties. Assuming that the imaged object is cylindrical and made of

water, an ideal projection is calculated as the weighted sum over the real projection

and the linear attenuation coefficient of water which is a function of the x-ray
spectrum and path length through the cylinder. As a final step, the backprojection
is performed using the ideal projections instead of the real projections.
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Figure 2: Simulated CT images (50 kVp) of the phantoms with different diameters: 3, 5
and 7 cm (top row: calibration phantom, bottom row: validation phantom).

The accuracy of the simulations was evaluated by comparing the Zeff and ρe values

that were extracted from the ImaSim simulations to the Zeff and ρe values that were

extracted from the X-RAD 225Cx acquisitions. A good correspondence was found;
the mean difference between the simulated and measured values equals 1.5% for
Zeff and 1.0% for ρe. See appendix (Figure A1).

The results for the X-RAD 225Cx system were compared with the small animal
radiation research platform (SARRP) (Xstrahl, Camberley, Surrey, UK).

26

Also for

the SARRP, images of both mini phantoms were acquired for a series of x-ray
tube voltages ranging from 40 to 100 kV in 10 kV increments. Each of the seven

x-ray spectra were filtered with 1 mm of aluminum. The acquired images were
reconstructed into a 512 x 512 x 512 matrix with a 103 x 103 x 103 μm3 voxel

size using a Feldkamp backprojection algorithm.

20

For both systems, the same

exposures (listed in Table 2) were used, which leads to a higher dose level for the
SARRP (1 mm aluminum filtration; 43 cGy for each energy) than that for the X-RAD

225Cx system (2 mm aluminum filtration; 30 cGy for each energy). The slices
were acquired in the radial direction of the phantoms; so, for the X-RAD 225Cx

system with the rotating gantry and fixed table, the phantom’s cylindrical axis

was positioned horizontally. For the SARRP with the rotating table, the phantom’s
cylindrical axis was positioned vertically.
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Extracting the effective atomic number and relative electron density
Zeff was extracted using the tissue substitute method described by Landry et al, 14

which is based on a parameterization of the ratio of high and low energy linear
attenuation coefficients μ. The ratio is defined as μratio=μLowEnergy/μHighEnergy and is

μ−μThe
water mean μ
for each insert was calculated
calculated for each individual
voxel.
ratio
HU=1000⋅
μ

−μ

water
in a circular region of interest in the
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n
i Zi
n
Z
=
Z
/
∑
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i
i
i
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Figure 3: (Zeff,μratio) calibration curve (50 and 90 kVp combination, X-RAD 225Cx). The
μ−μ waterμratio for which a Zeff value can be assigned.
dashed line indicates the minimum
HU=1000⋅
μwater −μ air

ρe

√
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Results
Optimal energy combination
The mean Zeff and ρe error for different energy combinations (X-RAD 225Cx) are

shown in Figure 4. The largest errors were found close to the diagonal, i.e. for
similar x-ray tube voltages. This can be explained by the fact that these x-ray
spectra have a large spectral overlap, meaning that the image acquired with the

second spectrum does not add much information. Combinations with the 100 kVp
spectrum also showed inferior results. With this exception, all combinations with
well-separated x-ray spectra (≥20 kVp difference) produced acceptable results
with a mean Zeff error ≤0.33 and a mean ρe error ≤0.030. The smallest errors were

obtained for the 50 and 90 kVp combination. For this combination, Zeff and ρe can

be extracted with a mean error of 0.11 and 0.010, respectively. The relative errors
are 1.6% for Zeff and 0.8% for ρe. The maximum Zeff insert error was obtained for

the paraffin wax insert and equals 0.25. The maximum ρe insert error was obtained
for the polymethyl methacrylate (PMMA) insert and equals 0.034. The errors for
each individual insert are shown in Figure 8 (to be discussed below) and the fit
parameters are shown in the appendix (Table A1).

Figure 4: Mean Zeff and ρe error for different energy combinations (X-RAD 225Cx).
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Different dose levels
Figure 5 shows the mean error and standard deviation for Zeff and ρe for different
dose levels (50 and 90 kVp combination, X-RAD 225Cx). A decrease in dose leads

to an increase in both the error and the standard deviation in quantitative DECT
imaging. For the lower dose levels, fewer photons at the level of the source

result in fewer photons at the level of the imaging panel. This generates a lower

signal, which leads to relatively more noise. The results show that this noise also
propagates into Zeff and ρe.

Figure 5: Mean error and standard deviation for Zeff and ρe for different dose levels (50
and 90 kVp combination, X-RAD 225Cx).

Beam hardening effects
The mean Zeff and ρe errors for the different phantom sizes (50 and 90 kVp

combination, ImaSim simulations, no BHC applied) are shown in Figure 6. The
smallest errors were found close to the diagonal, i.e. for matching sizes of the

calibration phantom and validation phantom. The larger errors for the different
(non-matching) phantom sizes are caused by beam hardening effects; a thicker

object increases the mean energy of the x-ray spectra by filtering out the low energy

photons. This change in mean energy is not accounted for in the calibration when
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the calibration is performed with a phantom that has a different size. The mean

Zeff and ρe errors are not symmetric with respect to the diagonal, meaning that the
errors for the 3 cm calibration combined with the 7 cm validation are different than
the errors for the 7 cm calibration combined with the 3 cm validation.

Figure 6: Mean Zeff and ρe error for the different phantom sizes (50 and 90 kVp
combination, ImaSim simulations, no BHC applied).

Beam hardening correction
Figure 7 shows the simulated Zeff and ρe with and without BHC (50 and 90 kVp

combination, ImaSim simulations). The simulations were performed for one of the

worst cases, in which the calibration phantom has a diameter of 3 cm and the
validation phantom has a diameter of 7 cm. This is equivalent to performing a

quantitative DECT analysis on a rat with a 7 cm diameter when the calibration was

performed using the phantom with the 3 cm diameter. Without BHC, Zeff and ρe can
be extracted with a mean error of 0.32 and 0.022, respectively. When applying a

BHC in the image reconstruction, Zeff and ρe can be extracted with a mean error of

0.12 and 0.019, respectively. Especially for Zeff this is a large increase in accuracy,

but also for ρe there is a slight increase in accuracy. The relatively large ρe error for

the CIRS Bone insert can be explained by the fact that the BHC is based on water
attenuation properties, which are more appropriate for soft tissues than for bone
tissues.
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Figure 7: Simulated Zeff and ρe with and without beam hardening correction (50 and 90
kVp combination, ImaSim simulations).

X-RAD 225Cx vs SARRP
The optimal energy combination of 50 and 90 kVp for the X-RAD 225Cx system
was also determined to be the optimal energy combination for the SARRP. In

Figure 8, the measured Zeff and ρe for the two systems are compared. Both systems

produced values close to the reference values. For the SARRP, Zeff and ρe can be

extracted with a mean error of 0.16 and 0.014, respectively. The relative errors
are 2.4% for Zeff and 1.3% for ρe. The maximum Zeff insert error was obtained for

the PMMA insert and equals 0.34. The maximum ρe insert error was obtained for

the CIRS Adipose insert and equals 0.023. The X-RAD 225Cx system produced

slightly smaller mean errors than the SARRP. A Wilcoxon signed-rank test showed
that there are no significant differences in Zeff (p = 0.313) and ρe (p = 0.195) errors

between the two systems. However, it should be stated that a higher dose level

was used for the SARRP (approximately 86 cGy; 43 cGy for each energy) than
for the X-RAD 225Cx system (approximately 60 cGy; 30 cGy for each energy).

Examples of CT, Zeff and ρe images for both systems are included in the appendix

(Figure A2).
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Figure 8: Measured vs reference Zeff and ρe (50 and 90 kVp combination).

Discussion
This work shows that Zeff and ρe can be extracted with a mean error of 0.11 and
0.010, respectively. Such a high level of accuracy can be obtained only when the
two images that are acquired with two different x-ray spectra overlap perfectly

geometrically. A small misregistration between the images can cause two noncorresponding voxels to be combined in the analysis, leading to an incorrect μratio

and ΔHU, which in turn yields incorrect values for Zeff and ρe. Therefore, breathing
motion might cause a decrease in the accuracy of quantitative DECT imaging.
A potential solution to this problem could be the implementation of respiratory

gating, i.e. excluding projections for a certain breathing phase from the image
reconstruction. Another option is to implement fast kilovoltage switching to obtain
very short intervals of projections with different x-ray spectra. Separate image
reconstructions are then performed for the projections that are acquired with the
low and high energy spectra.

In the simulations, beam hardening influenced the accuracy of the extracted
Zeff and ρe values. The best results are obtained when the size of the calibration

phantom matches the size of the imaged object. This leads to the conclusion
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that for the imaging of larger animals, such as rats or rabbits, a larger calibration
phantom is required. To limit the contribution of beam hardening effects, a circular

phantom in which the x-rays travel through the same amount of material for each
projection is preferred. The X-RAD 225Cx system with the fixed table and rotating

x-ray source and imaging panel acquires slices in the axial plane of the mouse;
so, the x-rays travel through the same amount of material for each projection. The
SARRP with the rotating table and fixed x-ray source and imaging panel acquires
slices in the coronal plane. For some angles, the x-rays travel through the long

(craniocaudal) axis of the animal and for other angles, the x-rays travel through
the short (lateral) axis of the animal. This implies that for the SARRP, a decrease
in the accuracy of quantitative DECT imaging can be expected for animals and

other non-circular objects. Applying a BHC in the image reconstruction showed to
increase the accuracy of the extracted Zeff and ρe values. At the moment, however,

neither the X-RAD 225Cx system nor the SARRP have a BHC implemented in their
image reconstruction software.

To achieve a high accuracy in tissue segmentation and Monte Carlo dose

calculations, it is important to reduce Zeff and ρe errors. Quantitative DECT imaging

can be further optimized, for example by applying different levels of filtration to the

low and high energy x-ray spectra to improve the spectral separation. Simulation
models are a useful tool to explore different kinds of optimization possibilities.

Conclusion
It can be concluded that quantitative DECT imaging is feasible for small animal

irradiators with an integrated CBCT system. To obtain the best results, optimization
of the imaging protocols is required. Well-separated x-ray spectra (≥20 kVp

difference) and a sufficient dose level (approximately 60 cGy; 30 cGy for each
energy) should be used to minimize the error and noise for Zeff and ρe. When no BHC

is applied in the image reconstruction, the size of the calibration phantom should
match the size of the imaged object to limit the influence of beam hardening
effects. No significant differences in Zeff and ρe errors are observed between the

X-RAD 225Cx system and the SARRP.
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Appendix
In Figure A1, the Zeff and ρe values that were extracted from the ImaSim simulations

are compared with the Zeff and ρe values that were extracted from the X-RAD 225Cx

acquisitions. The simulations and measurements were performed for the 50 and
90 kVp combination at a total dose level of 60 cGy. No BHC was applied in the

image reconstruction. The calibration and validation were performed separately
for the simulations and measurements using the phantoms with a 3 cm diameter.

The mean difference between the simulated and measured values equals 1.5% for
Zeff and 1.0% for ρe.
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Figure A1: Simulated vs measured Zeff and ρe (50 and 90 kVp combination).

Table A1 shows the fit parameters for the (Zeff,μratio) calibration (A, B, C, D, E, F, n,

m) and (ΔHU,ρe) calibration (a, b, α). The fit parameters for the optimal energy

combination of 50 and 90 kVp are listed together with the minimum and maximum
values that were found for the 21 energy combinations (X-RAD 225Cx).

Table A1: Fit parameters for the (Zeff,μratio) calibration (A, B, C, D, E, F, n, m) and (ΔHU,ρe)
calibration (a, b, α).
Parameter

50 and 90 kVp

Minimum value

Maximum value

A (x10 )

4.98

1.53

5.68

B (x10-3)

5.59

1.62

11.55

-1

C (x10-5)

1.45

0.61

2.77

D (x10-1)

7.34

2.35

7.89

E (x10-3)

2.96

1.34

11.24

F (x10-7)

8.35

3.74

10.00

n

3.20

2.85

3.20

m

4.16

4.07

4.45

a

0.94

0.57

1.07

b

1.01

0.97

1.03

α

1.32

0.77

10.06
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Examples of CT, Zeff and ρe images for both systems are shown in Figure A2. The

images in the top row were acquired using the X-RAD 225Cx system and the

images in the bottom row were acquired using the SARRP. For both systems, the
Zeff and ρe images were acquired using the 50 and 90 kVp combination. All voxels

to which no Zeff value could be assigned are marked with a red color. The three
circular red areas contain air.

Figure A2: CT, Zeff and ρe images of the validation phantom (50 and 90 kVp combination,
top row: X-RAD 225Cx, bottom row: SARRP).
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Chapter 3

Abstract
Objective To analyze the effect of different image reconstruction techniques on
image quality and dual energy CT (DECT) imaging metrics.

Methods A software platform for preclinical cone beam CT image reconstruction was

built using the open source reconstruction toolkit (RTK). Preprocessed projections
were reconstructed with filtered backprojection and iterative algorithms, namely

Feldkamp-Davis-Kress (FDK), iterative FDK, simultaneous algebraic reconstruction
technique (SART), simultaneous iterative reconstruction technique (SIRT) and
conjugate gradient (CG). Imaging metrics were quantitatively assessed using a
quality assurance phantom and a DECT analysis was performed to determine the

influence of each reconstruction technique on the relative electron density (ρe) and
effective atomic number (Zeff) values.

Results Iterative reconstruction had favorable results for the DECT analysis:
a significantly smaller spread for each material in the (ρe,Zeff) space and lower

Zeff and ρe residuals (on average 24 and 25% lower, respectively). In terms of

image quality assurance, the techniques FDK, iterative FDK and SART provided
acceptable results. The three reconstruction methods showed similar geometric

accuracy, uniformity and CT number results. The technique SART had a contrast-

to-noise ratio up to 76% higher for solid water and twice as high for Teflon, but
resolution was up to 28% lower when compared to the other two techniques.

Conclusion Advanced image reconstruction can be beneficial, but the benefit is

small and calculation times may be unacceptable with current technology. The use
of targeted and downscaled reconstruction grids with larger, yet practicable, voxel
sizes and graphics processing units (GPUs) are recommended.

Advances in knowledge An iterative CBCT reconstruction platform was built using
RTK.
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Introduction
Preclinical cone beam CT (CBCT) x-ray image reconstruction is typically described
by the Feldkamp-Davis-Kress (FDK) algorithm

1

to solve the inverse Radon

transform through filtered backprojection (FBP). While the FDK algorithm produces

usually acceptable images, it copes poorly with noise. Iterative reconstruction (IR)
algorithms use multiple repetitions in which a current solution converges towards
a better solution. Subsequent to projection acquisition, a forward projection
creates artificial data, which is compared with measured projections to compute a
correction term. In case of discrepancy, the first image estimate is updated based

on the characteristics of the underlying algorithm. Image and projection data
correction are repeated until a condition predefined by the algorithm is satisfied
and the final image is generated.

2

IR algorithms may allow considerable dose reduction due to a more precise
modeling of the acquisition process, which can reduce image noise. They avoid

introducing new artifacts due to approximations and are suited for dealing with
missing data or irregular sampling. The main drawback of IR is the increased
computational cost of the iteration cycle.
It has been suggested

3–5

that IR algorithms could provide superior material

segmentation when performing dual energy CT (DECT). Radiotherapy applications
in which tissue segmentation accuracy plays an important role have benefited by
DECT 6 and a number of preclinical studies has also shown advantages of DECT. 4,7,8

Furthermore, DECT can improve Monte Carlo dose calculations accuracy for low
energy photons and protons.

3,6,9,10

This work presents a software platform for preclinical CBCT image reconstruction,
built using the open source reconstruction toolkit (RTK),

11

which comprises FBP

and four IR algorithms. Imaging parameters were quantitatively assessed and a

DECT analysis was performed to determine the influence of each reconstruction
technique on the image quality.
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Methods and materials
(Pre)image acquisition
Image projections for this study were acquired using the CBCT electronic portal

imaging device integrated in the small animal irradiator X-RAD 225Cx (Precision

X-Ray, North Branford, Connecticut, USA), illustrated in Figure 1f. The irradiator

consists of a dual focus x-ray tube with a maximum tube potential of 225 kV (MXR225/22, Comet, Flamatt, Switzerland) and a 20° angled tungsten stationary target.

Using the small focal spot (1.0 mm), the x-ray tube acts as photon source for CT
imaging. Photons are filtered through a 0.8 mm beryllium exit window and an
additional 2.0 mm aluminum filter. The source to isocenter distance was fixed at

303.6 mm. The electronic portal imaging device (XRD-0820-AN3-ES, Perkin Elmer,

Waltham, Massachusetts, USA) has 1024 x 1024 active pixels in an area of 20 x
20 cm.

The preprocessing of the raw data is described in Figure 1a-e and the appendix.
Table 1 shows scan presets for this study. The exposures were chosen to yield

an average dose of 30 cGy for each energy in a DECT scenario. The absorbed
dose to water at a solid water phantom surface was verified using a TN30012

Farmer ionization chamber (PTW, Freiburg, Germany) according to the AAPM TG61 protocol for 40-300 kV x-ray beam dosimetry (in-air calibration method).
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Figure 1: Image acquisition and reconstruction workflow. Preacquisition corrections: (a)
defective pixels, (b) dark field, (c) flood field, (d) lateral and (e) longitudinal offset for each
gantry angle (flexmap). (f) CBCT acquisition, x-ray tube and the flat panel rotate 360°
around the object and generate the preprocessed projection data. (g) Reconstruction cycle
with or without cupping correction. (h) Iterative reconstruction cycle.
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Table 1: CBCT scan presets for energies in the range of 40 to 120 kVp.
Subject position

Feet first prone (FFP)

Voxel pitch

0.1034 x 0.1034 x 0.1034 mm3

Mean protocol dose

30 cGy

Energy
(kVp)

Current
(mA)

40

Frame rate
(fps)

9.26

50

7.5

5.59

60

10.0

3.18

70

10.0

1.54

80

7.5

2.50

90

5.0

2.08

100

5.0

1.78

110

5.0

1.54

120

5.0

1.36

5.0

Rotational
speed (rpm)
0.50

0.50

Gain

Exposure
(mAs)

Mid

1111.2

Mid

0.40

Mid

0.25

Mid

0.50

Low

0.50

Low

0.50

Low

0.50

Low

0.50

Low

670.8

477.0

369.6

300.0

249.6

213.6

184.8

163.2

Image reconstruction platform
To compare and characterize both methods, FBP and IR, a software platform was
developed using RTK

11,13

in the language C++. The software platform currently

comprises five of RTK’s reconstruction algorithms, namely FDK and four IR methods:
iterative FDK,

14,15

simultaneous algebraic reconstruction technique (SART),

simultaneous iterative reconstruction technique (SIRT)
(CG).

19

18

16,17

and conjugate gradient

The appendix has a brief description of the IR techniques. Table 2 shows

the possible reconstruction scenarios and filters included in the software platform.

Table 2: Possible reconstruction scenarios using the software platform.
Reconstruction algorithm

FDK, iterative FDK, SART, SIRT, CG

Characteristics

Number of iterations, convergence factor, enforce
positivity, offset

Reconstruction size
Reconstruction spacing
Output format
Cupping correction
Specimen position

Any, used: 1024 pixels x 1024 pixels x 1024 pixels

Any, used: 0.1034 mm x 0.1034 mm x 0.1034 mm
DICOM, MHA, MHD
yes or no

FFP, FFS, FFDR, FFDL, HFP, HFS, HFDR, HFDL

Backprojection filter

Voxel-based backprojection, Joseph, normalized Joseph

Forward projection filter

Joseph, Ray cast interpolator

Window type

None, Hann, Cosine, Hamming, RamLak or SheppLogan
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A cupping correction 20 was included in the software platform. As cupping artifacts

are induced by nonlinearities in the projection data, a polynomial precorrection
was applied to the attenuation data for linearization. In the image domain, for each
energy and reconstruction algorithm, polynomial coefficients were determined

once using a homogeneous water cylinder (with a diameter of 4 cm) as a calibration
scan. A series of basis images were fitted to a template image, obtained from the
preprocessed calibration scan, to generate the coefficients. Raw data were passed
through the polynomial and precorrected.

Figure 1 shows the image acquisition/reconstruction workflow. After initial

corrections (Figure 1a-e) the object was scanned (Figure 1f). If no cupping

correction was applied, the cycle would follow the upper part of the diagram
(Figure 1g). A single reconstruction of the object was generated with the software

platform, followed by a MATLAB R2017b (MathWorks, Natick, Massachusetts, USA)

routine to determine air and water grey levels (rescale function), and a second
reconstruction with corrected levels to yield Hounsfield Units (HUs). In case of

cupping correction, to determine the coefficient cn of the term xnof the polynomials,
20

(n+1) reconstructions of the water phantom were performed. The coefficients

were determined through a MATLAB script (cupping function), followed by a final
reconstruction with the identified polynomial values. No further correction was

necessary; this method results in attenuation images which are subsequently
𝜇𝜇 − 𝜇𝜇)*+,where μ, μwater and μair are respectively the
converted to HU; 𝐻𝐻𝐻𝐻 = 1000 ⋅
𝜇𝜇)*++,- − 𝜇𝜇*.linear attenuation coefficients of the medium, water and air. For the two cycles,
apart from the correction coefficients, all other parameters were maintained for
both reconstruction rounds.

Image quality assurance
A quantitative image analysis was performed to verify the impact of the different

reconstruction techniques using the mCTP-610 phantom (Shelley Medical Imaging
Technologies, Toronto, Ontario, Canada),

21

Figure 2a-e. It is a single device with

modular plates, each designed to assess one aspect of image quality, such as

CT number, image uniformity, geometric accuracy, spatial resolution and noise.

The plates used in this study are enclosed in a polycarbonate cylindrical housing
of 8.4 cm length, 7.0 cm diameter and 4.8 mm thickness. The analysis following
previously published methods

21–23

is briefly described.
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HU=1000⋅

μ−μ water
μwater −μ air

√

ωi Z i n
ωi Z i
n
Z iDiff
/ ∑erent
Figure 2: Phantoms used inZthis
plates of the mCTP-610 quality
∑i A(a-e)
eff =study.
i
Ai
i
assurance phantom: (a) CT number, (b) uniformity,
(c) geometric
accuracy, (d) resolution
coils and (e) slanted edge. The regions of interest used for the image analysis are shaded
μ LowEnergy
in red and green. (f) Schematic
drawing
of the calibration and validation phantoms used
μratio
=
μ
for the DECT analysis. The dashed line
represents the 7 cm diameter phantom, which is
HighEnergy
composed by an outer ring encompassing the 3 cm phantom, represented by the solid line.
n−1
m−1
Both rings are made ofμthe
same A+
bulk
material
(solid
water).
B⋅Z
eff + C⋅Z
eff
μratio = LowEnergy =
n− 1
m−1
μ HighEnergy D+ E⋅Z eff + F⋅Z eff
ωi Zi

ρ e =ρ ∑plate
/ ρ e ,water
Figure 2a shows the CT evaluation
volumes of interest (VOIs) of 10 x 10
i
A with
i

x 4 voxels. The VOIs shaded in red were used to calculate the mean CT numbers

ΔHUHU=(1+α)⋅HU
HighEnergy −α⋅HU
LowEnergy
of seven tissue-equivalent embedded
materials:
SB3, solid
water, Lucite, muscle,

adipose, high density polyethylene
on. The material Microfil, a silicone(1+ and
α)⋅HUTefl
HighEnergy −α⋅HU LowEnergy
+b
ρ e =a⋅
based vascular contrast agent, was not analyzed
1000 due to its non-uniformity. The
green shaded VOIs were used to calculate the contrast-to-noise ratio (CNR),
ω i =ai⋅ρ e +bi⋅Z eff +c i⋅ρ e Z eff +d i

according to equation 1, where Ītissue is the mean CT number of a tissue (red VOI),

the=√background
(adjacent green VOI) and σtissue and
Ībackground is mean CT number of
σ tissue
σ 2measured −σ 2noise
σbackground are the standard deviations of Ītissue and Ībackground.
σ noise=a⋅D b+c
CNR=

CNR=
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Ī tissue−Ī background

√σ

2

−σ background

(1)

|HUROI−HUbackground|
noise

MTF (f )=

MTF=

2
tissue

π √ 2 M(f )
⋅
4
M0

Intensity strip−Intensity gap
Intensity strip+Intensity gap

eff

ρ e =ρ ∑i

eff

ωi Zi
/ ρ e ,water
Ai

ΔHUHU=(1+α)⋅HUHighEnergy −α⋅HU
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LowEnergy
(1+ α)⋅HUHighEnergy −α⋅HULowEnergy
+b
ρ e =a⋅
1000

Image uniformity was evaluated by average signal difference (center to peripheral)
ω i =a
⋅Z eff +c
i⋅ρ e +biwith
i⋅ρ e Z eff +d iof 100 voxels at a uniform
of five circular regions of interest
(ROIs)
diameters

polycarbonate plate positioned near the
center2 of the phantom (Figure 2b). From
2
σ tissue =√ σ measured −σ noise

the geometric accuracy plate (Figure 2c), the voxel size was determined by dividing
b
the known physical distance between
five
σ noise=a⋅D
+c neighboring tungsten-carbide beads by

the measured distance between the centroid of the respective beads in voxels.
CNR=

Ī tissue−Ī background

√σ

2
tissue

2

−σ background

The modulation transfer function (MTF) was obtained using the resolution coil
24
plate (Figure 2d), according to equation
|HUROI2−HU
background|

CNR=

noise

MTF (f )=

π √ 2 M(f )
⋅
(2)
4
M0

Intensity −Intensity
Intensity strip+Intensity gap

strip
gap
where M(f) is the standard deviation
MTF=of CT numbers from VOIs of 20 x 20 x 20 voxels

within each coil, corrected for noise and M0 is half of the absolute difference between

the aluminum and Mylar in HU.
‖RfThe
−p‖2coils are made of alternating aluminum and
Mylar sheets with 500, 300, 200, and 150 μm
thicknesses, corresponding to spatial
2
argmin‖Rf −p‖

resolution of 1, 1.67, 2.5, and 3.3 line
pairs per mm (lp/mm). MTF was also determined
f
through the slanted edge (Figure 2e) defines
using the slanted edge plate. 25 A profile
T
2 R (Rf −p)

the edge spread function, when differentiated yields the line spread function and the
ρ=1.073
ρ e − 0.04
Fourier transform of the line spread
function
determines the MTF. 24
ΔHUD=(D DECT − D Ref )/D Ref⋅100%

Dual energy CT

Two pairs of geometrically identical cylindrical phantoms (SmART Scientific
Solutions, Maastricht, Netherlands), Figure 2f, were used for DECT analysis. The

phantoms were 3.0 or 7.0 cm diameter, which corresponds to the cross section
μ−μ water
μwater −μ air

HU=1000⋅
of small rodents, mice to large
rats. All phantoms were 1 cm in length. They were

composed of a solid water bulk and 12 cylindrical inserts of 0.35 cm diameter and

ω i Z i n ofωthe
1.60 cm length. Table 3 lists the composition
n
i Z i inserts, which mimic human
Z eff =

tissue attenuation properties.

√∑

i

Ai

Z i / ∑i

Ai

μ LowEnergy

μratioROIs
= of the inserts in the four central slices of a high
CT numbers were extracted from
μ
HighEnergy

energy and a low energy scan of the DECT phantoms. The procedure described by
n−1

m−1

n− 1
eff

m−1
eff

μ
A+ B⋅Z
eff + C⋅Z
electron
density
ρe, eff
according to equation 3
Schyns et al 26 to determine the
μ relative
= LowEnergy
=
ratio

μ HighEnergy

ρ e =ρ ∑i

D+ E⋅Z

ωi Zi
/ ρ e ,water
Ai

+ F⋅Z

(3)

ΔHUHU=(1+α)⋅HUHighEnergy −α⋅HU LowEnergy
(1+ α)⋅HUHighEnergy −α⋅HULowEnergy
+b
ρ e =a⋅
1000
ω i =ai⋅ρ e +bi⋅Z eff +c i⋅ρ e Z eff +d i
σ tissue =√ σ 2measured −σ 2noise
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where ρ, Z and A are the mass density, atomic number, and atomic mass of a

material, using Saito’s approach, 27 and to extract the effective atomic number Zeff,
according to equation 4

HU=1000⋅

Z eff =

√∑
n

i

μ−μ water
μwater −μ air

ωi Z i n
ωZ
Z i / ∑i i i
Ai
Ai

μ LowEnergy
μ HighEnergy

(4)

μratioof
= ith element with atomic number Z and n = 3.31,
where ωi is the weight fraction

following the method proposed by Landry et al

28

7

was adopted. The reference

μ the compositions
A+ B⋅Z + C⋅Z
eff
and
mass densities provided
values of Zeff and ρe, calculated
μ from
= LowEnergy
=
ratio

n−1
eff
n− 1
eff

μ HighEnergy

m−1

m−1
eff

D+ E⋅Z from
+ F⋅Zthe DECT images were used
by the manufacturer, and the calculated values

to assign a tissue composition to each
ω i Z i voxel.
ρ e =ρ ∑i

Ai

/ ρ e ,water

Table 3: Reference values of ρ,
ρe, Zeff and elemental
composition of the tissue substitute
ΔHUHU=(1+α)⋅HU
HighEnergy −α⋅HU LowEnergy
materials present in the calibration and validation phantoms.
(1+ α)⋅HUHighEnergy −α⋅HULowEnergy
+b
ρ e =a⋅
Calibration phantom
1000
ρ
Nr Material
Zeff
Mass fraction (%)
ρe e +bi⋅Z
eff +c i⋅ρ e Z eff +d i
(g/cm3) ω i =ai⋅ρ
H
C
N
O
Z>8
σ tissue =√ σ 2measured −σ 2noise
1 AP6 (Adipose)
0.947
0.928
6.21
9.06
72.30
2.25
16.27 F(0.13)
2

Solid water

3

IB3 (Inner
bone)

4

σ noise=a⋅D b+c
0.992
7.74

8.00

67.30

2.39

Ī tissue−Ī background
CNR= 2
2
−σ background
1.134
1.086
10.42
6.67
√ σtissue

55.64

1.96

72.54

1.69

53.48

2.12

70.11

2.33

6

BR12 (Breast)

|HUROI6.09
−HUbackground
1.051 CNR=
1.047
10.83|
noise
1.331
1.276 10.90
6.68
π √ 2 M(f )
⋅
MTF (f )=
0.980
0.956 46.93M 0 8.59

7
8

Air
Water

0.001
0.001
7.71 −Intensity
Intensity
strip
gap
1.000 MTF=
1.000
7.48 +Intensity
11.20
Intensity
strip
gap

9

B200
(Bone mineral)

1.152 ‖Rf
1.103
−p‖2

5

SR2 (Brain)
CB2-30%
CaCO3

1.022

10 LV1 (Liver)
SB3
(Cortical bone)
CB2-50%
12
CaCO3

11
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1.096

10.42

6.65

55.52

1.98

8.06

67.01

2.47

3.41

31.41

1.84

ρ=1.073 ρ e − 0.04
1.469 12.54
4.77

41.63

1.52

argmin‖Rf −p‖2
1.064
7.74
f

T
(Rf −p)13.64
1.822 2 R1.695

1.559

75.47

ΔHUD=(D DECT − D Ref )/D Ref⋅100%

19.87

Cl(0.14),
Ca(2.31)

P(3.23),
23.52 Cl(0.11),
Ca(8.86)
14.86 Cl(0.08)
Cl(0.11),
25.61
Ca(12.01)
Cl(0.13),
17.90
Ca(0.95)
23.20 Ar(1.28)
88.80
P(3.24),
23.64 Cl(0.11),
Ca(8.87)
Cl(0.14),
20.01
Ca(2.31)
Cl(0.04),
36.50
Ca(26.81)
Cl(0.08),
32.00
Ca(20.02)
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Table 3 (continued): Reference values of ρ, ρe, Zeff and elemental composition of the
tissue substitute materials present in the calibration and validation phantoms.

Nr Material

Validation phantom

ρ
(g/cm3)

ρe

Mass fraction (%)

Zeff
H

C

N

8.59

70.11

2.33

8.05

24.00
59.98

1

BR12 (Breast)

0.980

0.956

6.93

2
3
4
5
6
7

Teflon
Lucite
Air
PMMA
Paraffin wax
Water

2.153
1.180
0.001
1.190
0.930
1.000

1.860
1.146
0.001
1.156
0.959
1.000

8.46
6.53
7.71
6.53
5.48
7.48

8.05
14.90
11.20

59.98
85.10

8

Muscle

1.062

1.041

7.59

9.10

69.70

9 Air
10 Air

0.001
0.001

0.001
0.001

7.71
7.71

11 Adipose

0.967

0.956

6.44

10.00

12

1.600

1.507

11.90

4.83

Bone

75.47

O

Z>8
Cl(0.13),
17.90
Ca(0.95)
F(76.00)
31.96
23.20 Ar(1.28)
31.96
88.80

2.10

16.80

75.47
75.47

23.20
23.20

71.30

1.80

16.40

37.03

0.97

35.66

Cl(0.10),
Ca(2.20)
Ar(1.28)
Ar(1.28)
Cl(0.20),
Ca(0.30)
Mg(6.19),
Cl(0.05),
Ca(15.24)

Results
Reconstruction time
To generate optimal and reproducible results for image analysis, reconstruction
matrices of 1024 x 1024 x 1024 voxels were used. This matrix size was chosen

to avoid reconstruction artifacts and inaccuracies smaller grids could cause, and
to fully reconstruct the mCTP-610 phantom and the pair of 7 cm DECT phantoms,
which were positioned parallel to each other with a gap in between. The small voxel
size of 0.1034 x 0.1034 x 0.1034 mm3 was used as it is typically the minimum size

at our institution and as the resolution of the scanner was being tested. Figure
3a shows that this choice yielded long reconstruction times. The techniques SIRT
and CG require a higher number of iterations to converge (Figure 3b-c,h): after

40 iterations and 45 computational hours CG presented acceptable results and
after 80 h and 100 iterations, using a smaller grid, SIRT had not yet converged.

They proved to be impractical for further analysis. In the following sections,
the techniques SART (Figure 3d-e), iterative FDK (Figure 3f-g), both with three

iterations, and FDK (Figure 3i) are compared. Figure 3j shows the reconstruction

time of objects with 250 x 250 x 200 voxels and voxel sizes of 0.20 x 0.20 x
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0.20 mm3 to illustrate a practical preclinical scenario, where a smaller volume of
interest within a mouse is chosen, with largely reduced reconstruction times.

Figure 3: (a) Reconstruction time for each technique vs number of iterations for the 90
kVp images with 602 projections, required by an AMD Opteron 6272 processor, 32 physical
cores and 128 GB of RAM. CG image after (b) three and (c) 40 iterations (45 h). Iterative
FDK image after (d) one and (e) three iterations. SART image after (f) one and (g) three
iterations. (h) SIRT image after 100 iterations for a grid of 512 x 512 x 512 voxels with
voxel size of 0.2 x 0.2 x 0.2 mm3 (80 h). (i) FDK reconstruction. The numbers in the top
right corner indicate the number of iterations used in each image. (b-i) were extracted
from a central region of the 7 cm phantom. (b) and (h) present a different background color
because they have not yet converged. (j) Reconstruction times using a smaller grid of 250
x 250 x 200 voxels and voxel size of 0.2 x 0.2 x 0.2 mm3 to illustrate a scenario closer to
a preclinical practice workflow, where only a region of interest in the object is selected.
Vertical scale in (j) is in minutes, while in (a) it is in hours.

Cupping correction
Different polynomials were tested, ranging from first to fifth order. Figure 4 shows
phantom HU profiles where a second order polynomial was applied in contrast to
the rescaling method. For the corrected cases, the solid water region, or the bulk

of the phantom, presents a flatter profile with less pronounced edges. Additionally,

the CT values are consistent for bulk, inserts and the outside air. For the rescaling
method, air and water grey levels were extracted from inserts within the phantom,

which yielded the expected values of -1000 and 0 HU in the phantom but values
lower than -1000 HU outside. The second and third order polynomials yielded the

best results in terms of flatter profiles and images with increased visual quality.
The method also worked better for energies below 100 kVp.
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Figure 4: Comparison of phantom HU profiles for different reconstruction methods with
and without cupping correction for the 40 kVp scan, where cupping is most evident, of the
7 cm phantom using a second order polynomial (C2).

Quantitative image analysis
Figure 5a shows the voxel size values derived from the geometric accuracy plate.
The values found for the different reconstruction methods and energies were within
0.2 to 0.3% in agreement with the value of 103.4 μm, used in this study. Figure

5b,d show the CNR for Teflon and solid water. While similar values are obtained for

FDK and iterative FDK, within -0.05 to 0.3%, SART yields a higher ratio, up to 76%
higher for solid water and 2.09 times higher for Teflon, which can be explained by

the lower levels of noise associated with this technique. Additionally, the panel gain

is set to low for energies higher than 70 kVp, to avoid saturation. The uniformity
in terms of center to peripheral average signal difference (Figure 5c) also yielded

similar results for the three methods, with a variation of 12 to 148 HU among
the nine investigated energies. CT numbers of seven tissue-equivalent materials

for energies between 40 and 120 kVp (Figure 5e) showed little variation, with a
maximum standard deviation of 45 HU among techniques. The values for soft and
osseous (or high atomic number) tissues are also within the expected literature
values. The 80 kVp acquisition presets changes, in terms of gain and frame rate,
are possibly the underlying reason for its decreased uniformity.

Figure 5f shows that the MTF for both the slanted edge and the resolution coil
methods were similar. The highest resolution in terms of equivalent lp/mm at the
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10% MTF (2.5 lp/mm is comparable to 200 μm), 21 was found for 50 kVp, with values
of 173.6 μm (2.73 lp/mm) for both FDK and iterative FDK and 181.1 μm (2.72 lp/
mm) for SART, and the lowest for 120 kVp with 201.4 μm (2.39 lp/mm), 201.3

μm (2.38 lp/mm) and 234.4 μm (2.07 lp/mm) for FDK, iterative FDK and SART,

respectively. Resolution results for SART were consistently lower when compared
to the other two techniques, from 2% lower, for 60 kVp, to 28%, for 100 kVp.

Figure 5: Quantitative image analysis tests with the mCTP-610 phantom. (a) Geometric
accuracy, the blue horizontal line represents the utilized pixel size. (b) CNR for Teflon. (c)
Uniformity. (d) CNR for solid water. (e) CT number for tissue-equivalent materials for 40 to
120 kVp, the marker’s color shade darkens as the energy increases. (f) MTF using both SE
and RC techniques for the 50 kVp image. The line indicates the MTF at 10%.

Dual energy CT analysis
Figure 6 shows the relationship between Zeff and ρe for the materials of the validation

phantom. All voxels to which no Zeff value could be assigned, predominantly located

at sharp transitions between air and the solid water bulk, were excluded from
the analysis (<0.01% in the ROIs). Ellipses were drawn considering the direction

of the eigenvectors of the covariance matrix. Thus, each distribution confidence

ellipse defines the region that contains 95% of all samples that can be drawn from

the underlying Gaussian distribution, with the mean value indicated by the circle,
triangle or square. Although the data distribution is similar for FDK and iterative
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FDK, the smaller spread of the SART ellipses indicate a reduced image noise effect,
expected for an iterative method.

3

Figure 6: (ρe,Zeff) plot for the 7 cm validation DECT phantom and the energy combination
50 and 90 kVp. The colors and the lines indicate the tissue-equivalent inserts and
reconstruction methods. Histograms of ρe and Zeff values are illustrated on top and on the
right, respectively. The circles, triangles and squares indicate the mean value of each
distribution for FDK, iterative FDK and SART, respectively.

Figure 7a-b show the mean residuals (absolute difference between the calculated
and reference value) of Zeff and ρe using the three reconstruction techniques, for

a number of energy combinations, where the difference between low and high

energy was at least 20 kV apart to avoid large spectral overlap, maximizing the
amount of information provided by each energy. For all shown combinations, Zeff

and ρe residuals were on average 24 and 25% lower, respectively, using SART
in comparison with iterative FDK and FDK, which were within 0.2 and 0.05%

in agreement with each other in terms of Zeff and ρe residuals, respectively.

Additionally, the mean standard deviations were on average 20 and 30% lower
with SART in comparison to the other two reconstruction techniques, which once

more showed little variation among themselves (average differences of 0.4 and
0.02% for Zeff and ρe residuals).
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Figure 7: Mean (a) Zeff and (b) ρe residuals, and mean (c) Zeff and (d) ρe standard deviations
for a number of DECT energy combinations.

Discussion
Iterative reconstructions used in this study were computationally costly and would
be impractical for studies with live animals under anesthesia. The decision to

favor the reproducibility, repeating a same grid of 1024 x 1024 x 1024 voxels for
different objects, and using the smallest voxel size of the CBCT scanner of our

institution for a thorough image analysis, affected the speed of the IR. Smaller

grids and larger voxel sizes are more typical in preclinical practice. In such cases,
IR methods were found to be feasible, with reconstruction times under 20 min for

three iterations (Figure 3j). Additionally, increased computational power by means
of graphics processing units (GPUs) would highly increase the IR speed.

The correction for cupping artifacts included in the software platform provided
accurate CT numbers. The second and third order polynomials yielded the best

results, a higher number of coefficients caused further instability and overfitting.
The method was more effective for energies below 100 kVp, as the cupping effect

is more pronounced for lower energies. For IR techniques, reconstructing an object

a number of times to derive a polynomial, which will correct a final reconstruction,
is a lengthy process. Applications that require increased image quality and larger

objects, more prone to beam hardening, could benefit from this approach. For
the rescaling method, the coefficients to correct for air and water grey levels are
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derived from values within the object to account for the beam hardening and other

artifacts the object is subjected to, as it would be the case of an air pocket within
a mouse, for example.

IR provided favorable results for the DECT analysis. SART resulted in a significantly
smaller spread for each material in the (ρe,Zeff) space (Figure 6) and the residuals

on Zeff and ρe were on average 24 and 25% lower in comparison to FDK, with an

increasing number of iterations, the residuals decreased further. In terms of image
quality, the techniques FDK, iterative FDK and SART provided acceptable results.
Regarding geometric accuracy, the voxel size agreement was within 0.2 to 0.3%

with the used value of 103.4 μm. The three techniques showed similar uniformity

and CT number results, with the latter presenting a maximum standard deviation
of 45 HU among techniques and soft and osseous tissues within the expected

literature values. Although the CNR presented by SART was compelling, a ratio up
to 76% higher for solid water and over twice higher for Teflon, the resolution results

were up to 28% lower when compared to the other two techniques. Because of
the iterative cycle, IR techniques may produce smoother images, less affected by
noise.

Accuracy on the image metrics listed above is crucial for dose calculations, which

are based on the CBCT image of small animals. Accuracy of contours of anatomical
structures can suffer from reduced resolution, abundance of noise or non-uniformity.
Different reconstruction techniques could be used for alternative purposes.

29

In a

possible irradiation workflow, following the CBCT scan of a mouse, the projections
could be quickly reconstructed using the iterative FDK method. Availing from the

increased resolution and diminished presence of artifacts, the images could be
contoured while the projections are reconstructed using the SART technique. The

user could see the result of each iteration, choose the most adequate image, and
stop the iterative cycle. The iteratively reconstructed image could be used for
dose calculations, which could benefit from the lower levels of noise.

The influence of the scanning parameters and the reconstruction filters could be

further investigated. The imaging presets were adopted from previous studies,
26

where they were deemed optimal. IR could provide satisfactory results with

decreased tube current or scanning time and consequently decreased imaging

dose, which although worth to investigate was outside the scope of the present
study. Lastly, one should be aware of the biological consequences of high CT
imaging doses which may even alter the experimental outcome.

22
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Conclusion
An image reconstruction platform for modern image-guided small animal irradiators

was built using RTK. The platform includes backprojection, different iterative

algorithms, filters and cupping correction. Preprocessed projections reconstructed

with the platform showed acceptable results regarding image quality assurance
and DECT Zeff and ρe residuals. The iterative technique SART showed improved

results regarding noise, which may be important for tissue assignment for dose
calculations. In a nutshell, advanced image reconstruction can be beneficial, but
the benefit is rather small and calculation times may be unacceptable with current
technology.
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Appendix
Image preprocessing

√∑
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μ LowEnergy
μ HighEnergy

μratio =

m−1
μ LowEnergy A+ B⋅Z n−1
eff + C⋅Z eff
=
n− 1
m−1
μ HighEnergy D+ E⋅Z eff + F⋅Z eff

ρ e =ρ ∑i

ωi Zi
/ ρ e ,water
Ai

Prior to image acquisition, the system was calibrated for dark current, differences
ΔHUHU=(1+α)⋅HU

−α⋅HU

LowEnergy
in pixel gain, defective pixels and mechanical flex (Figure HighEnergy
1a-e). For dark
current,

the electric current that flows through the flat(1+
panel
the x-ray tube is
α)⋅HUwhen
HighEnergy −α⋅HU LowEnergy
+b

ρ e =a⋅

1000
inactive, fifty images were collected with the beam switched
off and averaged

to generate the mean dark image. For the pixel sensitivity, which varies due to
ω i =ai⋅ρ e +bi⋅Z eff +c i⋅ρ e Z eff +d i

fluctuations in gain associated with the analogue amplifier, fifty beam-on images
2
−σfield
were collected without any objects in the σ
field.
flood
√ σ 2measured
tissue =The
noise also corrects for

non-flat beam profiles. Subsequent scans were divided
by the corrected flood
b
σ noise=a⋅D +c

image, the averaged flood field minus the mean dark image, to correct for gain
differences. Defective pixels were identified statistically:
the variability of each
Ī tissue−Ī background
CNR=

2
pixel was indicated by the standard deviation of the
mean
dark and flood images,
−σ background
√ σ2tissue

from which a bad pixel map was generated. To correct for mechanical flex, where
|HUROI−HUbackground|
noise

CNR=
CBCT scans are shifted by a lateral and longitudinal
offset for each gantry angle

due to mechanical sagging, a ball bearing was placed in the irradiator isocenter,
) each image to map
π √ 2 M(fon
imaged from all directions and its location MTF
was(fidentified
⋅
)=
4
M0
the offset, generating a flexmap.

Iterative methods: brief description

MTF=

Intensity strip−Intensity gap
Intensity strip+Intensity gap

‖Rf −p‖2

Iterative FDK, SART, SIRT and CG minimize the same cost function using different

algorithms. The cost function is defined as argmin‖Rf −p‖2 in which f is the sought
f

volume, p the projections and R the forward projection matrix. Iterative FDK starts

R (Rf −p) the difference between the
with a normal FDK backprojection for f and 2
calculates
T

forward projected volume Rf and the projections
p. This difference is multiplied by
ρ=1.073 ρ − 0.04
e

a small constant λ and the result is backprojected and added to the volume f. The

ΔHUD=(DfDECT
D Ref )/D
⋅100%
next iteration starts again with forward projecting
to −
obtain
RfRefetc.
SART and SIRT

‖𝑅𝑅𝑅𝑅−−𝑝𝑝‖
(𝑅𝑅𝑅𝑅−−𝑝𝑝)
involve a gradient descent algorithm: as the gradient of ‖𝑅𝑅𝑅𝑅
𝑝𝑝‖&&is
isis2𝑅𝑅
2𝑅𝑅(((𝑅𝑅𝑅𝑅
𝑝𝑝) in

which RT is the transpose of R (the backprojection matrix), the algorithm needs one

forward and one backprojection from all angles at each iteration. SART splits the
cost function into individual projections and minimizes the cost function for each
projection, whereas SIRT uses a single cost function in which all projections are

combined. CG minimizes the cost function using a conjugate gradient algorithm
in which the step size is calculated analytically at each iteration and the descent
direction is a combination of the gradient at the current iteration and the descent
direction of the previous iteration.
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Abstract
Objective To investigate the implications of using human tissue compositions for
dose calculations in mice for kilovoltage photon beams.

Methods Dual energy CT (DECT) images of 9 female mice were used to extract
the effective atomic number Zeff and the relative electron density ρe for each

voxel in the images. To investigate the influence of the tissue compositions on
the absorbed radiation dose for a typical kilovoltage photon beam, mass energyabsorption coefficients μen/ρ were calculated for 10 different tissues in each mouse.
Results Differences between human and murine tissue compositions can lead to

errors around 7.5% for soft tissues and 20.1% for bone tissues in μen/ρ values

for kilovoltage photon beams. When considering the spread within tissues, these

errors can increase up to 17.5% for soft tissues and 53.9% for bone tissues within
only a single standard deviation away from the mean tissue value.

Conclusion This study illustrates the need for murine reference tissue data.

However, assigning only a single mean reference value to an entire tissue can still
lead to large errors in dose calculations given the large spread within tissues of
μen/ρ values found in this study. Therefore, new methods such as DECT and spectral

CT imaging need to be explored, which can be important next steps in improving
tissue assignment for dose calculations in small animal radiotherapy.

Advances in knowledge This is the first study that investigates the implications
of using human tissue compositions for dose calculations in mice for kilovoltage
photon beams.
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Introduction
Dedicated small animal treatment planning systems such as SmART-Plan can

accurately calculate dose distributions in both tumors and surrounding healthy

tissues for kilovoltage photon beams used in image-guided precision irradiation
platforms.

1–3

However, to accurately calculate a dose distribution in a medium

using first-principles methods (e.g. Monte Carlo simulations), the elemental

composition of the medium should be taken into account, since dose deposition is

influenced by the atomic number Z. In the field of small animal radiotherapy, it is

particularly important to use correct tissue compositions due to the low energies
of the photons in the treatment beam.

4

For low energy photons, photoelectric

absorption is the dominant interaction. The atomic cross section for photoelectric

absorption depends strongly on Z (∝ Z4~5) and thus, in the case of tissues, the

elemental composition.

5

The Z dependence of the atomic cross section for

photoelectric absorption results in a Z dependence of the absorbed radiation dose
(∝ Z3~4).

It is common practice to use human tissue compositions for dose calculations in
mice, since detailed murine tissue compositions are not available in the literature.

Very few studies have been published that present quantitative data on the

elemental compositions of murine tissues. Most of these studies focus on trace
elements,

6–9

which only make up a small part of the total tissue composition. In

addition to elemental compositions, mass densities ρ are another crucial factor

in dose calculations. These mass densities are usually assigned using a cone
beam CT (CBCT) image that is acquired before the treatment. For this method, a

predetermined calibration curve is used to convert CT numbers to mass densities.

Another method is to assign mass densities using the human reference data. The

well-established reference data for human tissue compositions and mass densities
are listed in several reports by the International Commission on Radiation Units

and Measurements (ICRU) and the International Commission on Radiological
Protection (ICRP).

10–12

In this study, the dosimetric implications of using human tissue compositions for

dose calculations in mice are investigated using dual energy CT (DECT) imaging,
which is a novel imaging modality in the field of small animal radiotherapy that

allows for in vivo extraction of the effective atomic number Zeff and the relative
μ−μ
μwater −μ air

water
can be resolved
for each voxel, which also
electron density ρe. Both Zeff and ρHU=1000⋅
e

allows for an assessment of the spread in tissue composition and density

√

n
within tissues. Zeff is defined as Z eff = ∑i

μratio =

ωi Z i n
ωZ
Z i / ∑i i i
Ai
Ai

and ρe is defined as

μ LowEnergy
μ HighEnergy

m−1
μ
A+ B⋅Z n−1
eff + C⋅Z eff
μratio = LowEnergy =
n− 1
m−1
μ HighEnergy D+ E⋅Z eff + F⋅Z eff

ωZ
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𝜌𝜌" = 𝜌𝜌 ∑

% & '&
(&

/𝜌𝜌",+,-". . ω and A represent the elemental weight fraction and mass

number, respectively, for element i. ρ is the mass density, ρe,water is the electron

density of water (≈ 0.555 mole electrons/cm3) and the exponent n is defined as
3.3, which was determined to be optimal in a previous study.

13

To investigate

the influence of tissue compositions on the absorbed radiation dose for a typical
kilovoltage photon beam, the mass energy-absorption coefficient μen/ρ was

calculated for 10 different tissues in a series of 9 mice. μen/ρ can be multiplied by

the photon energy fluence to calculate the dosimetric quantity collision kerma,

which is closely related to absorbed radiation dose. Assuming an approximately

linear relationship between μen/ρ and the absorbed radiation dose for kilovoltage

photon beams (i.e. the potential photon fluence perturbation by the different

media is ignored), differences in μen/ρ are proportional to differences in absorbed

radiation dose.

Methods and materials
Figure 1 shows the workflow of the methods used in this study. First, CBCT images

were acquired with two different x-ray spectra, which were then registered before

applying the DECT methods to obtain Zeff and ρe images. These images were used

to calculate the means and standard deviations for both Zeff and ρe for 10 different

tissues in each mouse. A noise correction was applied to the standard deviations
which were then used to calculate the ±1 standard deviation ranges of Zeff and ρe

to represent the spread in tissue composition and density, respectively. The mean
tissue composition and its spread were then used to calculate the mean μen/ρ and
its spread. The following sections explain these steps in greater detail.
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Figure 1: Workflow of the methods used in this study. The top half shows how the
elemental compositions are calculated from the 50 and 90 kVp CBCT images and the
bottom half shows how μen/ρ is calculated from these compositions.

Image acquisition
The X-RAD 225Cx system (Precision X-Ray, North Branford, Connecticut, USA) was
used to image 9 female NMRI nude mice. 14 For each mouse, two CBCT images were
acquired with two different peak voltages: 50 and 90 kVp. This combination was
determined to be optimal in terms of Zeff and ρe errors, as shown in a previous study.

15

The acquired images were reconstructed using the Feldkamp backprojection

algorithm that is implemented in an in-house developed software platform for
preclinical CBCT image reconstruction, built using the open source software RTK
(Creatis, Lyon, France). 16,17 The DECT imaging protocols are summarized in Table 1.
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Table 1: DECT imaging protocols.
Parameter

Low energy CT

Peak voltage (kVp)

High energy CT

50

90

Exposure (mAs)

670.8

249.6

Frame rate (s-1)

10

5

Mid Gain 1x1

Low Gain 1x1

30

30

Panel mode
Imaging dose (cGy)
Number of voxels

1024 x 1024 x 1024

Voxel dimensions (μm )
3

100 x 100 x 100

Image registration
Since the 50 and 90 kVp CBCT images were acquired consecutively, image

registration was required to correct for motion of the animal between the two
scans. A multiresolution rigid registration was applied first, followed by a multi

resolution deformable registration. The open source software Elastix (Image
Sciences Institute, Utrecht, Netherlands) was used to determine the deformation

fields and the open source software Transformix (Image Sciences Institute, Utrecht,
Netherlands) was used to apply them. 18 The 50 kVp CBCT images were selected to

be the fixed images and the 90 kVp CBCT images were selected to be the moving

images in the image registration process. The image registration parameters are
listed in the appendix (Table A1).

Contouring
A total of 10 tissues were contoured by a radiation oncologist using the clinical
treatment planning software Eclipse (Varian Medical Systems, Palo Alto, California,

USA). The contoured tissues were brain, cortical bone, eye, femur, heart, kidney,

liver, marrow, muscle and rib. The cortical bone and marrow tissues were contoured
in the femur and the muscle tissue was contoured in the gluteal region. One rib

was contoured for each mouse. On average, this was the 10.3th rib when counting
from the head towards the tail. Separate contours were created for each tissue in
each mouse. All tissues were contoured on the 50 kVp CBCT images, since these
images provided better soft tissue contrast than the 90 kVp CBCT images.

Image processing
The tissue contours were converted into bitmasks using the poly2mask function
in MATLAB R2016b (MathWorks, Natick, Massachusetts, USA). An erosion with a
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spherical structuring element (radius 2 pixels) was applied to the bitmasks for all

tissues in all mice to remove boundary voxels that might be affected by partial
volume effects. The bitmasks were applied to the Zeff and ρe images to obtain Zeff

and ρe values for each voxel in the contoured tissue. Mean values and standard

deviations were calculated for the Zeff and ρe voxels in each bitmask of 10 tissues
in all of the 9 mice.

Calibrations
The procedure to calibrate for Zeff and ρe was adopted from a previous study.

15

A mouse-sized phantom with 12 cylindrical inserts (SmART Scientific Solutions,
Maastricht, Netherlands) was used to establish a calibration curve for both Zeff and
ρe. Zeff images were calculated using the tissue substitute method described by

Landry et al and ρe images were calculated using a method described by Saito. 13,19

μ−μ
water
equation
2 was used to fit ρe. In equation 1, μ is
Equation 1 was usedHU=1000⋅
to fit Zeff and

μwater −μ air for each phantom insert calculated from
the mean linear attenuation coefficient

reference
effective atomic number calculated
the measured CT numbers, Zeff is the
μ−μ
water

√

ωZ

ωZ

HU=1000⋅ i n
i
i
Z eff = ∑i i μ
Z
−μ
i /∑
from the elemental compositions
i air
water
A provided
A by the manufacturer and A, B, C, D, E,
n

i

i

F, n and m are fit coefficients. In equation 2, HU is the mean CT number for each

√

ωZ
n
Ai
μ HighEnergy

ωZ
Ai

i
i
n
μ LowEnergyi i Z
Z eff
the
reference
relative
election
density calculated from the
phantom insert, ρe isμratio
∑i
i / ∑i
==

mass densities and elemental compositions provided by the manufacturer and a,
μ LowEnergyA+ B⋅Z n−1+ C⋅Z m−1
b and α are fit parameters.μ LowEnergy
eff
eff
μratio
μratio
= =μ
=
HighEnergyD+ E⋅Z n− 1 + F⋅Z m−1
μ HighEnergy
eff
eff

m−1
μ LowEnergy
A+ B⋅Z n−1
eff + C⋅Z eff
ω
i Zi
μ
=
=
ratio
(1)
1
m−1
ρ e =ρ ∑i μ
/ ρ e ,water
D+ E⋅Z n−
HighEnergy
eff + F⋅Z eff
Ai

ωi Zi
ΔHUHU=(1+α)⋅HU
HighEnergy
ρ e =ρ ∑i
/ ρ e ,water−α⋅HU LowEnergy
Ai
(1+ α)⋅HUHighEnergy −α⋅HULowEnergy
ρ e =a⋅
+ b (2)
ΔHUHU=(1+α)⋅HUHighEnergy
1000 −α⋅HU LowEnergy
(1+⋅Z
α)⋅HU
ω i =ai⋅ρ e +b
+cHighEnergy
⋅ρ Z −α⋅HU
+d
LowEnergy
+b
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1000
Zeff and ρe were combined
to
weight
fractions
using a method
2 obtain elemental
2
σ tissue =√ σ measured −σ noise
20
ω
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⋅ρ
+b
⋅Z
+c
⋅ρ
Z
+d
weight
fractions for the ith element
described by Hünemohr et
al.
i
i
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eff method,
i
e
eff
i
σ noisefit
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+c
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of Zeff
2
2
b
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Ī tissue−Ī background
b
CNR=
weight fractions were
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by
σ
+c2 zero and the summed weight fractions were
noise=a⋅D
√ σ2tissue −σ
background

normalized to unity. In contrast to the fitting procedure for Zeff and ρe, (which was
Ī

−Ī

background
|HUROItissue
−HU
| procedure for the elemental weight
applied to the phantom
tissues),
the
fitting
background
CNR=
2
2

CNR=

−σ background
√ σtissue
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fractions was applied to the 71 human reference tissues listed by Schneider et al. 21

However, the lung tissue was|HU
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from the
−HU
| fitting procedure due to its aberrant
) background
π
√ 2ROIM(f
CNR=
MTF
(f )=

4

⋅
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values. A calibration curve (equation 3) was fitted through the 70 remaining points.
ωi Zi
Ai

ρ e =ρ
/ ρ e ,water
A separate fit was performed
for
tissues (Zeff < 8.2) and the bone tissues
∑ithe soft

(Zeff ≥ 8.2). In this equation, a, b, c and d are fit parameters. The index i iterates

−α⋅HU
HighEnergy
LowEnergy
over the six most abundantΔHUHU=(1+α)⋅HU
elements in the
human
body,
which are hydrogen (H),

carbon (C), nitrogen (N), oxygen (O), phosphorus (P) and calcium (Ca).
(1+ α)⋅HUHighEnergy −α⋅HULowEnergy
+b
ρ e =a⋅
1000
ω i =ai⋅ρ e +bi⋅Z eff +c i⋅ρ e Z eff +d i (3)

Standard deviations
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the individual elements (H, C, N, O, P and Ca), which were then multiplied by the
elemental weight fractions and summed to obtain μen/ρ for the different tissue
compositions.

Reference data
The human reference data used in this study were taken from ICRU and ICRP
reports.

10–12

In addition, two publications from the 1980’s by Woodard and White,

which formed the basis for these ICRU and ICRP reports, were used in this study.

26,27

Two entries for marrow tissues are listed in the reference data: one for yellow

marrow and one for red marrow. For this study, the assumption from Schneider et
al that marrow consists of a 1:1 mixture of yellow and red marrow was adopted.
21

The reference data that are listed for the femur applies to the total bone, which

is a mixture of bone and marrow. For the rib tissues, two entries are listed in the
reference data: one for the 2nd and 6th rib and one for the 10th rib. The reference

data for the 10th rib was used.

Results
The distributions of Zeff and ρe voxels in the examined murine tissues are shown in
Figures 2 and 3, respectively. The crosses and diamonds represent the extracted

mean values and the circles represent the reference values. The corrected

standard deviations are indicated by the black error bars and the uncorrected
standard deviations are indicated by the gray error bars. The black and gray

error bars overlap for most of the bone tissues. The spread (indicated by the ±1

standard deviation ranges) within tissues is considerably larger than the spread
of mean values between mice. This can be observed in both Figure 2 for Zeff and
Figure 3 for ρe. For Zeff, a good agreement (<2.5% difference) was found between

the extracted mean values and the reference values for brain, eye, heart, kidney,

liver and muscle. Larger differences (>5.0%) were found for cortical bone, femur,
rib and especially marrow (17.4%). The difference between extracted mean Zeff

and reference Zeff was found to be positive for some tissues and negative for other

tissues. A more one-sided difference was found for ρe. All tissues examined in this

study, with the exception of cortical bone and rib, have a higher extracted mean
ρe than reference ρe. On average, the ρe difference equals 6.8%. The largest errors

were found for cortical bone (16.6%), marrow (12.6%) and rib (18.7%). A large
spread in both Zeff and ρe can be observed between the different voxels of each

tissue examined in this study. On average, the ±1 standard deviation ranges were
found to be 1.5 for Zeff and 0.2 for ρe.
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Figure 2: Distribution of the effective atomic number. Top: mean ± 1 standard deviation
ranges for the mice with the most extreme mean values for each tissue. Black and gray
error bars indicate the corrected and uncorrected standard deviations, respectively.
Bottom: comparison of the spread in effective atomic number (indicated by the ±1
standard deviation ranges) between mice and within tissues.
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Figure 3: Distribution of the relative electron density. Top: mean ± 1 standard deviation
ranges for the mice with the most extreme mean values for each tissue. Black and gray
error bars indicate the corrected and uncorrected standard deviations, respectively.
Bottom: comparison of the spread in relative electron density (indicated by the ±1
standard deviation ranges) between mice and within tissues.

Figure 4 shows the mean μen/ρ values and their mean spread for the tissues

examined in this study. For the soft tissues, μen/ρ was found to be larger for the

extracted data than for the reference data. The opposite was found for the bone

tissues. An average difference of 11.3% was found between the extracted data

and the reference data, more specifically 7.5% for soft tissues (4.0% excluding
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marrow) and 20.1% for bone tissues. When considering the spread within tissues,
errors ranging from −5.5% (eye) to +17.5% (marrow) were found for the soft

tissues and errors ranging from –53.9% to +38.0% (both femur) were found for

bone tissues. Both error ranges apply to the ±1 standard deviation interval, which
only makes up 68% of the voxels in the case of a normal distribution.

Figure 4: Distribution of the mass-energy absorption coefficients. The crosses represent
the mean values (±1 standard deviation ranges) extracted using the dual energy CT
method. The circles represent the mass-energy absorption coefficients calculated from the
reference data.

Discussion
This work shows that differences between human and murine tissue compositions

can lead to errors around 7.5% for soft tissues and 20.1% for bone tissues in
μen/ρ values. Assuming an approximately linear relationship between μen/ρ and

the absorbed radiation dose for kilovoltage photon beams (i.e. the potential
photon fluence perturbation by the different media is ignored), differences in

μen/ρ are proportional to differences in absorbed radiation dose. Therefore, errors

around 7.5% for soft tissues and 20.1% for bone tissues can be expected in dose

calculations for kilovoltage photon beams. When considering the spread within
tissues, these errors can increase up to 17.5% for soft tissues and 53.9% for bone

tissues within only a single standard deviation away from the mean tissue value.
Even larger errors can be expected for softer x-ray spectra (i.e. when using lower
tube voltages or thinner filters for the treatment beam) in which μen/ρ differs even
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more between different tissues.

2

Although an overall good agreement was found

between the extracted and reference Zeff, the strong dependence of the atomic
cross section for photoelectric absorption on Z leads to large differences in μen/ρ

and thus in the absorbed radiation dose. The one-sided difference that was found
between the extracted (murine) and reference (human) ρe could lead to errors in

methods that rely on the reference data for densities. For example, errors in CT

number predictions could occur when using the stoichiometric method described
by Schneider et al.

28

When assigning densities using the human reference data,

the differences in ρe could also lead to errors in dose calculations.

The accuracy of the extracted Zeff and ρe is influenced by a number of different

factors. One of these factors is imaging noise. In this study, the extracted standard

deviations are corrected for the contribution of noise based on measurements in
a phantom with homogeneous tissue-equivalent inserts. Another factor is beam

hardening, which could be a possible explanation for the large difference found
between the extracted and reference values for marrow. The marrow tissue is
surrounded by dense cortical bone tissue, which could substantially harden the
x-ray spectrum and thus influence the CT numbers from which Zeff and ρe are

calculated. Other imaging artifacts, such as scatter, partial volume effects and
motion of the animal could also compromise the accuracy of CT numbers. More

research is required to investigate the influence of these factors on Zeff and ρe
derived from DECT.

The discrepancies for the marrow tissue could also be caused by the fact that the
assumption that marrow consists of a 1:1 mixture of yellow and red marrow is not
accurate for mice. For the femur, any discrepancies between the measured and

reference values could be caused by a difference in bone/marrow ratio between

mice and humans. Rib tissue discrepancies could be caused by the fact that the
different ribs in the thorax contain different amounts of cartilage. This could also
explain the large difference between the mouse with the lowest value and the

mouse with the highest value in Figures 2 and 3. Aside from being different to
human tissues, murine tissues might also vary between different strains, sexes
and ages.

Uncertainties in tissue compositions lead to an additional uncertainty in dose
calculations. As a first step to investigate the magnitude of this uncertainty, μen/ρ

was calculated for 10 different murine tissues and compared to μen/ρ values that

were calculated from the human reference data. To investigate the accumulated
dose difference to an actual tumor, dose calculations are required to account for
differences in absorption and attenuation of the treatment beam which are caused
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by differences in the elemental compositions and densities of the tissues through
which the beam passes.

Conclusion
This study illustrates the need for murine reference tissue data. However, a large

collection of data would be required to include all different strains, sexes and ages.
Moreover, assigning only a single mean reference value to an entire tissue can still

lead to large errors in dose calculations given the large spread within tissues of
μen/ρ values found in this study. Therefore, new methods such as DECT and spectral

CT imaging need to be explored, which can be important next steps in improving
tissue assignment for dose calculations in small animal radiotherapy.
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Appendix
The image registration parameters that were used to register the 90 kVp CBCT
images to the 50 kVp CBCT images are listed in table A1.
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Table A1: Image registration parameters.
Parameter
Transform

Rigid registration

Deformable registration

EulerTransform

BSplineTransform

Registration

MultiResolutionRegistration

NumberOfResolutions

3

ImagePyramidSchedule

442221111

FixedImagePyramid

FixedRecursiveImagePyramid

MovingImagePyramid

MovingRecursiveImagePyramid

FinalGridSpacingInVoxels

N/A

10.0 10.0 10.0

GridSpacingSchedule

N/A

4.0 4.0 4.0 2.0 2.0 2.0 1.0 1.0 1.0

Interpolator
Metric

BSplineInterpolator
AdvancedMattesMutualInformation

ImageSampler
Optimizer

Random
AdaptiveStochasticGradientDescent

ResampleInterpolator

FinalBSplineInterpolator

Resampler

DefaultResampler

AutomaticScalesEstimation

true

N/A

AutomaticTransformInitialization

true

N/A

HowToCombineTransforms

Compose
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Abstract
Objective To investigate the feasibility of using dual energy CT (DECT) for tissue
segmentation and kilovoltage dose calculations in preclinical studies and assess
the potential dose calculation accuracy gain.

Methods Two phantoms and an ex vivo mouse were scanned in a small animal
irradiator with two distinct energies. Tissue segmentation was performed with the
single energy CT (SECT) and DECT methods. A number of different material maps

was used. Dose calculations were performed to verify the impact of segmentations
on the dose accuracy.

Results DECT showed better overall results in comparison to SECT. Higher number

of DECT segmentation media resulted in smaller dose differences in comparison
to the reference. Increasing the number of materials in the SECT method yielded

more instability. Both modalities showed a limit to which adding more materials

with similar characteristics ceased providing better segmentation results, and
resulted in more noise in the material maps and the dose distributions. The effect

was aggravated with a decrease in beam energy. For the ex vivo specimen, the
choice of only one high dense bone for the SECT method resulted in large volumes
of tissue receiving high doses. For the DECT method, the choice of more than one

kind of bone resulted in lower dose values for the different tissues occupying the

same volume. For the organs at risk surrounded by bone, the doses were lower
when using the SECT method in comparison to DECT, due to the high absorption

of the bone. SECT material segmentation may lead to an underestimation of the
dose to OAR in the proximity of bone.

Conclusion The DECT method enabled the selection of a higher number of materials
thereby increasing the accuracy in dose calculations. In phantom studies, SECT

performed best with three materials and DECT with seven for the phantom case. For
irradiations in preclinical studies with kilovoltage photon energies, the use of DECT
segmentation combined with the choice of a low density bone is recommended.
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Introduction
Preclinical radiation studies with small animal models play a significant role in the

understanding of cancer radiobiology. Such studies also aim towards mimicking
human treatment capabilities so that specific validated radiation therapies in
animal models can be successfully translated into patient radiotherapy (RT) trials. 1

Accurate preclinical radiation targeting requires accurate image guiding. For the

various stages of target delineation, treatment planning, dose calculation, beam
delivery and subsequent outcome assessments, precise identification of different
tissues and structures is of paramount importance.

Computed Tomography (CT) is the most frequently used imaging modality for RT. 2

Commercial preclinical irradiators are equipped with an x-ray tube, which besides

the irradiation, is used to acquire high-resolution cone beam CT (CBCT) images
(about 100-200 μm).

3

Small animal irradiation is preferably performed with kilovoltage photons,

4

in

contrast to human radiotherapy which is mostly performed with megavoltage
photons. In the kilovoltage energy range, photoelectric absorption is increasingly
important and its interaction probability is strongly dependent on the effective
atomic number Z of the tissues (∝ Z4~5).

3

In current practice, quantitative

information on tissues is mostly obtained by single energy CT (SECT) in the form

of attenuation coefficients (or CT numbers, expressed in Hounsfield Units, HU). In

Monte Carlo (MC) dose calculations, every voxel of the CT scan has a mass density
assigned based on the CT number through an empirical calibration.

Tissue identification based on SECT has been shown to lead to errors in dose
calculations in the kilovoltage (and megavoltage) energy range

5

and due to the

strong dependence of the photoelectric absorption cross sections on the atomic
number of the tissues, such errors are amplified in the low energy photon range.
6

In addition, dose calculation algorithms for kilovoltage irradiations of small

animals need supplementary information to voxel densities, such as tissue type

- as it cannot be assumed the medium is water in kilovoltage irradiations. This
information can be provided from either SECT or dual energy CT (DECT) images.

The aim of this study is to investigate the feasibility of using dual energy CBCT for

tissue segmentation and kilovoltage dose calculations in preclinical studies. The
main objectives are to assess potential dose calculation accuracy gain from DECT
and to establish imaging protocols that allow accurate dose calculations.
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While this work has no direct clinical implications, its underlying aim is to perform

dose calculations as accurately as possible so as to enable rigorous subsequent
clinical translation.

Methods and materials
Micro irradiator
The X-RAD 225Cx (Precision X-Ray, North Branford, Connecticut, USA)

4,7

micro

irradiator consists of a dual-focus x-ray tube with a maximum tube potential of
225 kV (MXR-225/22, Comet, Flamatt, Switzerland) and a 20° angled tungsten

stationary target. The x-ray tube acts as photon source for imaging using the small
focal spot, and treatment using the large focal spot. Photons are filtered through
a 0.8 mm beryllium exit window and additional 2.0 mm filter cassette made of
aluminum for imaging or 0.32 mm filter cassette made of copper

8

purposes. The source to isocenter distance was fixed at 303.6 mm.

for irradiation

Extracting information from SECT and DECT methods
For this study, two geometrically identical cylindrical mini-phantoms (SmART

Scientific Solutions, Maastricht, Netherlands) of 3 cm diameter and 1 cm length
were scanned (Figure 1a). They are composed of a Solid Water bulk and twelve
cylindrical inserts of 3.5 mm diameter and 1 cm length. The composition of the

inserts, the relative electron density ρe (equation 1) and the effective atomic
number Zeff (equation 2) provided by the manufacturer are listed in Table 1. The

phantom cross section is consistent with the overall size of the mouse, both head

and pelvis, further used in this study. In equation 1, ρ, Z and A are the mass
density, atomic number, and atomic mass of a material. In equation 2, ωi is the

weight fraction of element i with atomic number Zi and n = 3.31.
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Figure 1: (a) Phantoms are made of Solid Water and contain twelve inserts of tissueequivalent materials, one set of materials for the calibration phantom and one set of
materials for the validation phantom. (b) Central slice of the CT scan at 50 kVp and (c) 90
kVp. (d) Reference material map. (e) 50 kVp and 90 kVp photon spectra used for SECT and
DECT.

Table 1: Reference values of mass density (ρ), relative electron density (ρe), effective
atomic number (Zeff) and elemental composition of the tissue-equivalent materials
present in the calibration and validation mini phantoms.
Calibration phantom
Nr

Material

ρ
(g/cm3)

ρe

Zeff

Mass fraction (%)
H

C

N

O

Z>8

1

AP6 (Adipose)

0.947

0.928

6.21

9.06

72.30

2.25

16.27 F(0.13)

2

Solid water

1.022

0.992

7.74

8.00

67.30

2.39

19.87

3

IB3
(Inner bone)

1.134

1.086

10.42

6.67

55.64

1.96

P(3.23),
23.52 Cl(0.11),
Ca(8.86)

4

SR2 (Brain)

1.051

1.047

6.09

10.83

72.54

1.69

14.86 Cl(0.08)

5

CB2-30%
CaCO3

1.331

1.276

10.90

6.68

53.48

2.12

25.61

Cl(0.11).
Ca(12.01)

6

BR12 (Breast)

0.980

0.956

6.93

8.59

70.11

2.33

17.90

Cl(0.13),
Ca(0.95)

Cl(0.14),
Ca(2.31)
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Table 1 (continued): Reference values of mass density (ρ), relative electron density
(ρe), effective atomic number (Zeff) and elemental composition of the tissue-equivalent
materials present in the calibration and validation mini phantoms.
Calibration phantom
Nr

Material

ρ
(g/cm3)

ρe

Zeff

Mass fraction (%)
H

C

N

7

Air

0.001

0.001

7.71

8

Water

1.000

1.000

7.48

11.20

9

B200
(Bone mineral)

1.152

1.103

10.42

6.65

55.52

1.98

1.096

1.064

7.74

8.06

67.01

2.47

1.822

1.695

13.64

3.41

31.41

1.84

1.559

1.469

12.54

4.77

41.63

1.52

10 LV1 (Liver)
SB3
(Cortical bone)
CB2-50%
12
CaCO3

11

75.47

O

Z>8

23.20 Ar(1.28)
88.80

P(3.24),
23.64 Cl(0.11),
Ca(8.87)
Cl(0.14),
20.01
Ca(2.31)
Cl(0.04),
36.50
Ca(26.81)
Cl(0.08),
32.00
Ca(20.02)

Validation phantom
Nr

Material

ρ
(g/cm3)

ρe

Zeff

Mass fraction (%)
H

C

N

O

8.59

70.11

2.33

17.90

1

BR12 (Breast)

0.980

0.956

6.93

2

Teflon

2.153

1.860

8.46

3

Lucite

1.180

1.146

6.53

4

Air

0.001

0.001

7.71

5

PMMA

1.190

1.156

6.53

8.05

59.98

6

Paraffin wax

0.930

0.959

5.48

14.90

85.10

7

Water

1.000

1.000

7.48

11.20

8

Muscle

1.062

1.041

7.59

9.10

9

24.00
8.05

Z>8
Cl(0.13),
Ca(0.95)
F(76.00)

59.98

31.96
75.47

23.20 Ar(1.28)
31.96
88.80

69.70

2.10

16.80

Cl(0.10),
Ca(2.20)

Air

0.001

0.001

7.71

75.47

23.20 Ar(1.28)

10 Air

0.001

0.001

7.71

75.47

23.20 Ar(1.28)

11 Adipose

0.967

0.956

6.44

1.507

11.90

12 Bone

1.600

10.00

71.30

4.83

37.03

1.80
0.97

16.40

Cl(0.20),
Ca(0.30)

35.66

Mg(6.19),
Cl(0.05),
Ca(15.24)

The mini phantoms were imaged using the CBCT imager (resolution 1024 x 1024

pixels) integrated in the small animal irradiator. The images were acquired using
a 2.0 mm filter of aluminum for the tube voltages of 50 kVp (low energy) and 90
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kVp (high energy) with corresponding currents of 5.59 and 2.08 mA. Figure 1e
shows both photon spectra. The exposures used were of 670.8 mAs and 249.6

mAs yielding the dose of 30 cGy for each energy. The absorbed dose to water at
the phantom surface was verified using a TN30012 Farmer ionization chamber

(PTW, Freiburg, Germany) according to the AAPM TG-61 protocol for 40–300 kV
x-ray beam dosimetry (in-air calibration method). 9 The images were reconstructed
using a Feldkamp-Davis-Kress (FDK) backprojection algorithm,

10

in a matrix of

341 x 324 x 96 with 103.4 x 103.4 x 103.4 μm voxel size. The acquisition time
3

difference between the two images was of 7 min.

SECT method
In the SECT approach, a relationship between CT number and mass density
(ρ) was generated in the form of a (HU,ρ) calibration curve. HU are defined as
𝜇𝜇 − 𝜇𝜇)*+,where μ, μwater and μair are respectively the linear attenuation
𝐻𝐻𝐻𝐻 = 1000 ⋅
𝜇𝜇)*+,- − 𝜇𝜇*.-

coefficients of the scanned medium, water and air. Relative electron density ρe

can be converted into mass density ρ through a linear relationship. A piecewise
bi-linear (HU,ρ) relationship was generated using the mean HU values of the selected

materials in the calibration phantom (Figure 2). The material segmentation is
indicated with vertical lines according to the selected HU ranges. Figure 3 shows
the CT number histogram for 50 and 90 kVp. From the (HU,ρ) calibration curve, a

density map of the phantom was created. A density to material curve was derived
from the density map, which generated the material map. The curve material

thresholds were set based on visual inspection of the CT scan as well as on the

knowledge of the maximum and minimum HU of each material. In this example,

seven materials were chosen for the segmentation. Table 2 shows the mean HU
values for each material. A density map was then generated and, according to the
chosen segmentation intervals, a material map was generated.

The tissue segmentation, i.e. the process of assigning tissue type and mass

density to each voxel, was performed with the SECT image (either the 50 or the
90 kVp scan) and the calibration curve, a two-segment linear relationship (HU,ρ),

shown in Figure 2. Different SECT segmentation schemes were derived based on
three, four or seven materials to evaluate the effect of the number of media on the
segmentation (see Table 3).
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Figure 2: SECT (HU,ρ) curve for the calibration phantom at 50 kVp in black and at 90
kVp in red. The vertical dotted (50 kVp) and dashed lines (90 kVp) represent the selected
boundaries between media in a segmentation scheme with seven materials (I to VII).
The roman numerals I-VII indicate the materials: air, AP6, Solid Water, B200, CB2–30%,
CB2–50% and SB3. Other segmentation schemes with a different number of intervals are
possible. The dots represent the mean HU value of each material.
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Figure 3: CT number histogram for 50 and 90 kVp.
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Table 2: Mean HU ± standard deviation (σ) per insert for the calibration and validation
phantoms for 50 and 90 kVp.
Calibration phantom
Material

Mean HU ± σ

Insert Nr

50 kVp

90 kVp

Air

-1000 ± 19

-1000 ± 13

7

AP6

-248 ± 17

-173 ± 16

1

BR12

-171 ± 19

-115 ± 16

6

SR2

-147 ± 18

-64 ± 15

4

Solid Water

-2 ± 22

-7 ± 20

2

Water

0 ± 22

0 ± 17

8

LV1

69 ± 23

68 ± 20

10

IB3

729 ± 54

456 ± 38

3

B200

768 ± 38

482 ± 31

9

CB2–30%

1297 ± 22

857 ± 16

5

CB2–50%

2483 ± 28

1632 ± 16

12

SB3

3723 ± 25

2448 ± 17

11

Validation phantom
Material
Air

Mean HU ± σ
50 kVp

90 kVp

Insert Nr

-1000 ± 17

-1000 ± 13

4, 9, 10

Paraffin

-281 ± 13

-178 ± 11

6

Adipose

-226 ± 16

-147 ± 13

11

BR12

-146 ± 16

-106 ± 13

1

PMMA

-73 ± 12

10 ± 11

5

Water

-36 ± 15

-15 ± 12

7

Lucite

-31 ± 13

46 ± 12

3

Muscle

2 ± 14

25 ± 12

8

2230 ± 29

1508 ± 22

12

Bone
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Z i / ∑i i i
Ai
Ai
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μratio =

LowEnergy

μ HighEnergy

Table 3: Different segmentation schemes for SECT and DECT for the validation
phantom:
m−1
μ LowEnergy A+ B⋅Z n−1
eff + C⋅Z eff
μratio = For
= the segmentation
SECT was segmented with three, four and seven materials.
DECT,
n− 1
m−1
μ HighEnergy D+ E⋅Z eff + F⋅Z eff
was performed with seven, eight and nine materials. For the
ex vivo mouse, SECT was
segmented with three materials and DECT with six.
ωi Zi
ρ e =ρ ∑i
/ ρ e ,water
Ai
Validation phantom
Nr

SECT

Nr

ΔHUHU=(1+α)⋅HUDECT
HighEnergy −α⋅HU LowEnergy

3

Air, Solid Water, Bone

7

Air, Paraffin,
Adipose,
Breast,
(1+ α)⋅HU
HighEnergy −α⋅HU LowEnergy
+b
ρ e =a⋅
Solid
Water, Lucite, 1000
Bone

4

Air, Adipose, Muscle, Bone

8

Air, Paraffin, Adipose, Breast,
ω i =aWater,
i⋅ρ e +bi⋅Z
eff +c i⋅ρ
e Z eff +d
i
Solid
Muscle,
Lucite,
Bone

7

Air, Paraffin, Adipose, Breast,
Solid Water, Lucite, Bone

9

Air,
Paraffin,
Adipose,
Breast, Water,
σ tissue
= σ 2measured
−σ 2noise
Solid Water, Muscle, Lucite, Bone

√

b
Ex vivo mouseσ noise=a⋅D +c

Nr
3

SECT

Nr

Air, Brain, Cortical Bone

DECT method

6

5

DECT Ī tissue−Ī background
CNR= 2
2
σ tissueBrain,
−σ background
Air, Adipose,
Spongiosa,
Cranium, Cortical Bone
|HUROI−HUbackground|
CNR=
noise

√

MTF (f )=

π √ 2 M(f )
⋅
4
M0

Intensity
strip −Intensity
gap of the
For DECT, the CT numbers were extracted fromMTF=
circular
regions
of interest
Intensity strip+Intensity gap
) and the low energy (HUL)
inserts in the four central slices of the high energy (HU
H

2
to−p‖
determine
the ρe values, using
scans. The procedure described by Schyns et al 11
‖Rf

Saito’s 12 approach, and to extract Zeff, following the method proposed by Landry et
2

‖Rf −p‖
Zefff and
ρe maps were derived and
al, 13 was adopted. From the HUL and HUH images,argmin

used for the tissue segmentation. Figure 4 shows the
relationship between Zeff and
T
2 R (Rf −p)

ρe for the materials of the validation phantom. Mass densities were assigned based

on the ρe images using the (ρ,ρe) relationship ( ρ=1.073 ρ e − 0.04, R2 ≥ 0.999), the

linear relationship between ρ and ρe was found by fitting the data (least squares
ΔHUD=(D DECT − D Ref )/D Ref⋅100%

method) for the insert materials listed in Table 1. All voxels to which no Zeff value

could be assigned, predominantly located at sharp transitions between air and
the solid water bulk, were excluded from the analysis (<0.01% in the regions of
interest).

The tissue segmentation was performed with the reconstructed Zeff and ρe of each

voxel. The DECT scans at 50 and 90 kVp were used, as this combination has
shown to be optimal in terms of Zeff and ρe errors for the X-RAD system with the
3 cm phantoms.

11

The reference values of Zeff and ρe, named Zeff,R and ρe,R, and the

calculated values from the DECT images, named Zeff,C and ρe,C, were used to assign
tissue composition to a voxel. The distance vector between A = (Zeff,R,ρe,R) and B =
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(Zeff,C,ρe,C) was calculated and the reference tissue minimizing the distance length

was assigned to the voxel. The Mahalanobis distance was used as it is less affected
by imaging noise, following the method described by Landry et al.

6

Different DECT segmentation schemes were also investigated with seven, eight
and nine materials. Table 3 shows the schemes.

Figure 4: DECT tissue segmentation for all voxels of the (a) calibration and (b) validation
phantoms.

Reference phantom
A reference phantom serves as standard for the material segmentation and the

dose calculations. It is a mathematical structure created with thresholds and masks

for each phantom. It has a single reference value for each material property. The
material assignment to the reference phantom is indicated in Figure 1a, according
to Table 1.

Figure 1d shows the nine materials used, with densities ranging from 0.001 to 1.6

g/cm3 (air - bone). In all phantom cases in this study, a broad beam impinges on

the phantom from the right-left direction and encompasses its entire volume. The
dose is normalized to the maximum dose value in the reference phantom.

All the results are compared to the segmentation and the dose calculation of the
reference phantom.
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Ex vivo mouse specimen
An ex vivo male mouse was imaged and the same procedures previously described

for DECT and SECT, including the calibration phantom parameters, were applied to

its CT scans and dose calculations. A region comprising the head of the mouse was
selected for this study and material maps with six tissues for DECT and three tissues
for SECT were created based on the ICRU Report 44

14

tissues, listed in Table 4.

Using Landry’s method, we chose the closest ICRU tissues to the selected specimen,
instead of the materials from the phantom inserts. A fictitious tumor was delineated

in a region partially comprising the brain and another organ at risk (OAR), the spinal
cord. Table 3 also shows the segmentation schemes for SECT and DECT.

The tumor, brain, bone and OAR regions are illustrative structures to investigate
possible differences between imaging methods.

Table 4: Tissue data from ICRU Report 44 for the mouse segmentation.
Nr

Material

ρ
(g/cm3)

ρe

Zeff

1

Adipose

0.93

0.951

2

Brain

1.04

3

Spongiosa

1.18

4

Cranium

1.61

Mass fraction (%)
H

C

N

O

6.42

11.6

68.1

0.2

19.8

1.035

7.58

10.7

14.5

2.2

71.2

1.151

10.23

8.5

40.4

2.8

36.7

1.517

12.71

5.0

3.4

5

Cortical Bone

1.92

1.780

13.63

6

Air

0.001

0.001

7.71

21.2

15.5

4.0

43.5

4.2

43.5

75.47

23.20

Z>8
Na(0.1),
S(0.1),
Cl(0.1)
Na(0.2),
P(0.4),
S(0.2),
Cl(0.3),
K(0.3)
Na(0.1),
Mg(0.2),
P(3.4),
S(0.2),
Cl(0.2),
K(0.1),
Ca(7.4),
Fe(0.1)
Na(0.1),
Mg(0.2),
P(8.1),
S(0.3),
Ca(17.6)
Na(0.1),
Mg(0.2),
P(10.3),
S(0.3),
Ca(22.5)
Ar(1.28)
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Dose calculations
After the segmentation procedures based on SECT and DECT, dose calculations
were performed to verify the impact of these segmentations on the dose accuracy.
The dedicated small animal radiotherapy planning system SmART-Plan (research

version 1.5, Precision X-Ray, North Branford, Connecticut, USA) was used to

calculate the dose distributions. 15 The dose engine used by SmART-Plan is the MC

code EGSnrc/DOSXYZnrc.

16,17

The first step was to provide the material datasets

for subsequent use by EGSnrc. Photons were transported down to an energy
cutoff (PCUT) of 10 keV and the electron energy cutoff (ECUT) was set to a total
energy value of 736 keV (225 kV kinetic energy, meaning no secondary electrons

were transported). The photon spectra for the irradiation were calculated using
SpekCalc

18,19

for 100, 160, and 225 kVp, according to the x-ray tube parameters.

Exclusively for the ex vivo mouse simulations, phase-space files for 225 kVp and
100 kVp with a 5 mm beam diameter were used, preserving the above-mentioned

characteristics. For the phantom dose calculations, broad beams that covered the
phantom were used.

Geometry input files for the phantoms and the animal specimen were created with
a MATLAB R2016a (MathWorks, Natick, Massachusetts, USA) routine according to
the SECT or DECT material segmentation.

The mass density values of liquid and solid water differed only by 2.2%, therefore

Solid Water was solely used in both phantoms. For the calibration phantom,
material maps were made either using Liver and Inner Bone or Brain and Bone

Mineral, and the remaining media, due to the proximity in density values. For the
validation phantom, the insert Teflon was not used and Lucite and PMMA were

regarded as Lucite, once more due to their similar compositions. Different material

maps were also investigated to achieve a better segmentation using fewer media.
The planned dose to water was set to 2 Gy at the isocenter and the number of MC
histories with no particle recycling used to achieve a 3% statistical uncertainty for
dose calculations with 103.4 x 103.4 x 103.4 μm3 voxels was set to 5·109 photons

for the mini phantoms. The beam field size was set to 3.5 x 1 cm, comprising

the selected region of the mini phantom completely. For the mouse, two parallel
opposed beams, at 29° and 209°, and 9·107 particles were used, achieving 1%

statistical uncertainty for a dose of 2 Gy at the isocenter.
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Results
SECT segmentation, 225 kVp irradiation spectrum
Unless stated otherwise, the results presented in this section were generated
using the validation phantom. Figure 5 shows the effect of the different numbers
of SECT segmentation materials on the MC dose calculations.

The dose to the bulk region of SECT with three materials, SECT3, agrees with
the reference within 1 ± 5% on average. The steps in the profile are due to the

Lucite inserts assigned in the reference phantom but absent in SECT3, their dose
differences are 20 ± 1% (Figure 5c). Figure 7 shows the difference with respect to
the reference for all inserts in each SECT scenario.

To increase the efficiency of the dose calculations, no dose was scored in air,
thence the regions with zero dose surrounding the phantom and in the air insert.

A different behavior is shown for the four media segmentation, SECT4, (Figure 5eh). Using materials with densities slightly lower (Adipose, 0.967 g/cm3) and higher

(Muscle, 1.062 g/cm3) than Solid Water (1.022 g/cm3), the bulk of the phantom

is assigned as Muscle, and the inserts Breast, Paraffin and partially the PMMA,
are assigned as Adipose. The phantom’s bulk dose differs by 11 ± 7% from the

reference and in the inserts, Lucite has the highest difference, 34%, followed
by lower differences in the remaining inserts (Figure 7). This clearly shows that

SECT tissue segmentation is highly sensitive to a slight change in the number of
materials, and that the selected CT number intervals can significantly influence
the dose calculations for the kilovoltage photon range.

For the seven-material segmentation, SECT7 (Figure 5i) the misassignment of

media has a noise-like appearance in the material and dose maps and profiles
(Figure 5i-l). The material map of SECT7 has 72% of its materials correctly

assigned. Regarding the dose, an agreement of 3 ± 5% for the bulk was found and
the highest dose difference was once more in Lucite, 21%. It should be stressed

that due to the misassignment of media small dose spikes are present throughout

the geometry. Assigning a larger number of materials clearly introduces noise in
the media assignment and the dose calculations, and the choice of CT number
intervals also becomes more arbitrary.

For the three cases, Air and Bone are always correctly segmented.
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Figure 5: Material maps,
maps, dose difference, and dose profiles for different SECT
2 Rdose
(Rf −p)
segmentation schemes at 50 kVp. (a) Three, (e) four, and (i) seven different media were
used in the three rows.ρ=1.073
The dose
les (d), (h) and (l) were obtained from the red line
ρ eprofi
− 0.04
in the images (b), (f) and (j). Images (c), (g), and (k) show the dose difference (ΔD) to the
reference dose, where ΔHUD=(D DECT − D Ref )/D Ref⋅100% . The dose maps are normalized to the
maximum dose of the reference dose map. The material map should be compared to the
material map of the reference phantom (Figure 1d).
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DECT segmentation, 225 kVp irradiation spectrum
For the DECT segmentation, maps with seven (DECT7), eight (DECT8), and nine
materials (DECT9) were tested (Figure 6a,e,i). Similar to SECT, a number of material

combinations were tested. The reported DECT combinations were selected based
on the highest separation between relative electron density and effective atomic
number values, and increased accuracy on the segmentation in comparison to the
reference.

Increasing the number of materials does not automatically imply a better
segmentation for DECT, similar as for SECT. The media misassignment, over 52%

for DECT8 and 54% for DECT9, again exhibits noise in the dose maps and profiles

(Figure 6b,f,j,d,h,l) with small dose spikes. The material map of DECT7 was only
16% in disagreement with the reference. For DECT8 and DECT9, the dose difference

in the bulk region is, on average, of 5 ± 6% higher than the reference. The insert

materials were mostly correctly assigned in the three cases. Figure 7 shows that
the highest difference is for the material Muscle in DECT7, 12 ± 1% – Muscle is not

one of the media segmented in DECT7. From Figure 6c,g,k it is clear that the tissue
segmentation scheme may influence the dose accuracy. It should be noted that
for DECT the highest dose differences are concentrated in the boundary regions.

Figure 7 shows that dose differences relative to the reference phantom are much
higher for the SECT segmentations in comparison to the DECT ones. For kilovoltage

energies, DECT segmentation yields better results, increasing the dose calculation
accuracy when compared to the SECT method.
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6:T (Rf
Material
maps, dose maps, dose difference and dose profiles for different DECT
−p)
segmentation schemes. (a) Seven, (e) eight and (i) nine different media were used in the
three rows.
Theρdose
profiles (d), (h) and (l) were obtained from the red line in the images
ρ=1.073
e − 0.04
(b), (f) and (j). Images (c), (g), and (k) show the dose difference (ΔD) to the reference dose,
where ΔHUD=(D DECT − D Ref )/D Ref⋅100% . The dose maps are normalized to the maximum dose of
the reference dose map. The material map should be compared to the material map of the
reference phantom (Figure 1d).
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5
Figure 7: Relative dose difference between the mean doses calculated per insert (and for
the bulk of the phantom) of the reference and for SECT and DECT segmentations: SECT3,
SECT4, SECT7, DECT7, DECT8, and DECT9. Regions of interest were defined avoiding
boundary regions.

Additional irradiation spectra
In addition to the 225 kVp spectrum, 100 and 160 kVp photon beams were used

for the dose calculations. In Figure 8, a histogram shows the errors on the insert
dose values for the SECT and DECT methods of each spectrum. The higher the
frequency of events in the zero dose-error bar, the better the segmentation
method performed for a specific imaging energy.

Overall, the 225 kVp spectrum presented the best results, followed by the 160 kVp
and the 100 kVp. Furthermore, for the three spectra, the DECT method performed

better, the zero dose error contained 54, 50 and 53% of the voxels for the 225,
160 and 100 kVp spectra, respectively, and there were no differences higher than
17% for the 225 and 160 kVp and 27% for the 100 kVp beam. For SECT at 50

kVp, SECT50, the dose differences were as high as 37, 52 and 82%, and at 90
kVp, SECT90, they were as high as 33, 52 and 82%, for the 225, 160 and 100 kVp
spectra respectively.

109

Chapter 5

Figure 8: Histogram of the dose disagreement with the reference in the insert regions for
DECT, SECT50 and SECT90 at 225, 160 and 100 kVp.

Ex vivo mouse
In this section the emphasis is on the difference between the dose calculations
based on the two imaging methods as it was not possible to produce a reference
ex vivo mouse – it would require precise knowledge of all its tissues and structures.
Although material and dose differences in the bulk of the phantom were shown in

the previous section, this concept does not apply to the specimen, as there is no
bulk of the mouse.

The SECT (SECT50 and SECT90) and DECT segmentation schemes were used

as shown in Table 3. The choice for three media for SECT was based on current
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preclinical practice using 3–4 media

3,20–24

and the phantom results presented in

this study. For DECT, six tissues with differences in ρe (>11%) and Zeff (>18%) were

chosen as this study had shown the DECT method to have superior results in the
presence of media with a degree of separation in these quantities.

Figure 9a-c shows the axial, coronal and sagittal views of the delineated head of the

mouse. The green region in Figure 9a indicates the position of the parallel-opposed

beams. The elliptical green areas in Figure 9b-c indicate the target volume used
for the dose calculations, it encompasses the tumor, which is partially in the brain
and the spinal cord. The dose to the target was set to 2 Gy. Figure 9d-e, shows

higher doses for the SECT map, whereas the DECT dose map reveals a gradient
due to the presence of different bone media in the same volume. The choice of

only one kind of bone implies a high dose for the different media assigned as

Cortical Bone in the SECT method. Figure 9f-g shows the dose ratio of SECT and
DECT dose maps with accentuated dose differences in Adipose, e.g. close to the
outer skin, and in Bone, which are more pronounced for the 100 kVp beam (5.0%
of all the voxels in the body contour showed ratios higher than 4).

Another way of quantifying the impact of the different segmentations is through

dose volume histograms (DVHs). Figure 10a-b shows the DVHs for the 100 and
225 kVp beams. For the bone contour, the dose reaches values three to five times
higher than the prescription dose for the 225 and the 100 kVp beams, respectively.

The maximum dose was 63% higher for the 100 kVp beam in comparison to the

225 kVp one. For 100 kVp, the presence of higher dose regions is due to a steeper
dose gradient required to reach the target value (2 Gy) in the prescription point,
for which the same coordinates were specified for the 100 and 225 kVp beams.

Regarding the segmentation method, the SECT curve presents a smooth and
steady behavior as it was segmented with only one type of bone. The DECT curve

presents three plateau regions for doses higher than 2 Gy. For 100 kVp, the first

region ends with a slope approximately at 4.2 Gy, the second at 7.8 Gy and the

last one reaches the maximum dose of 9.5 Gy, and for 225 kVp, the same behavior
is shown at 3.2, 5.0 and 5.9 Gy. It indicates the presence of different bone types
used in DECT: Spongiosa, Cranium and Cortical Bone.

111

5

Chapter 5

Figure 9: (a) Axial, (b) coronal and (c) sagittal views of the delineated head of the ex
vivo mouse. The green region in (a) and the arrows indicate the beams used for the dose
calculations. It encompasses the fictitious tumor (red contour), which is partially in the
brain (light blue contour) and the spinal cord (dark blue contour). The elliptic green regions
in (b-c) indicate the target region for the simulation. (d-e) show the 100 kVp dose map for
DECT and SECT50, and (f-g) show the ratio between SECT and DECT dose maps for 100
and 225 kVp beams. Due to the similarities between SECT50 and SECT90, only the SECT50
case is shown here.
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Figure 10: DVHs for the (a) 100 and (b) 225 kVp beams. Four structures were delineated
(as shown in Figure 9a-c): Brain, Spinal Cord, Tumor and Bone. The same contours were
utilized for all simulations. The solid and the dash-dot lines indicate the DVHs for the DECT
and the SECT50 method, respectively.

The higher energy absorption in bone, owing to the exclusive use of the dense

Cortical Bone in SECT, results in lower doses for the Spinal Cord DVH curves, a
structure inside vertebrae. Table 5 shows the minimum dose to the hottest 1%

(D1), 5% (D5) and 95% (D95) to provide additional information on the uniformity

of the dose. The D5 and D1 values for Brain and Tumor are 5% lower for SECT in
relation to DECT for both energies. The use of SECT with only one type of bone
yielded larger volumes with high doses and the bone choice influenced the dose
received by the other structures.
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Table 5: For each combination of beam energy and imaging method the mean and
maximum dose including the minimum dose to the hottest 1% (D1), 5% (D5) and 95% (D95).
Brain
Dose (Gy)

Mean

Spinal Cord

100 kVp

225 kVp

100 kVp

225 kVp

DECT

SECT

DECT

SECT

DECT

SECT

SECT

SECT

0.3

0.3

0.3

0.3

0.4

0.3

0.6

0.5

Maximum

2.3

2.3

2.1

2.1

2.0

2.0

2.0

2.0

D95

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

D5

2.1

2.0

2.0

1.9

1.9

1.7

2.0

1.9

D1

2.1

2.0

2.1

2.0

2.0

1.9

2.0

1.9

Tumor
Dose (Gy)

100 kVp

Bone
225 kVp

100 kVp

225 kVp

DECT

SECT

DECT

SECT

DECT

SECT

SECT

SECT

Mean

2.1

2.0

2.0

2.0

0.3

0.7

0.3

0.6

Maximum

2.1

2.1

2.1

2.1

9.5

9.8

5.9

6.0

D95

2.0

1.9

2.0

1.9

0.0

0.0

0.0

0.0

D5

2.1

2.0

2.1

2.0

3.0

8.3

3.0

5.5

D1

2.1

2.0

2.1

2.0

4.4

9.3

3.2

5.8

Discussion
This study has demonstrated the high impact of incorrect material segmentation
on the dose calculation accuracy for kilovoltage photon beams employed in small
animal irradiators, using the different imaging modalities: SECT and DECT. The

effect is aggravated with a decrease in beam energy, due to the increase in the

importance of photoelectric absorption with decreasing photon energy, causing
materials with different effective atomic numbers to absorb increasingly different

fractions of energy in photon beams. For irradiations with photon spectra below
100 kVp, the differences would even be more pronounced.

Although broadly used, there are still certain caveats regarding the SECT method.

It is unclear which media should be used for generating the calibration curve and
the number of linear segments as well as the position of the tissue boundaries is
arbitrary and difficult to establish manually using the CT number histogram.

3

DECT showed better overall results in comparison to SECT. The higher number

of DECT segmentation media resulted in smaller dose differences in comparison
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to the reference (Figure 7) for the phantom cases. Increasing the number of
materials in the SECT method yielded more instability, in addition to being a

method that has a higher degree of arbitrariness in tissue assignment than DECT.
Material boundaries have to be selected based on the distribution of CT numbers

and include a visual inspection of the segmentation result (i.e. in an overlap plot
of the CT and the material map), which indicates that inter-individual differences

may result. Both modalities have a limit to which adding more materials with
similar characteristics ceased providing better segmentation results, and resulted
in more noise in the material maps and the dose distributions.

For the mouse case, the choice of Cortical Bone for the SECT method, as is common
practice in the literature, resulted in large volumes of tissue receiving high doses.

For the DECT method, the choice of more than one kind of bone resulted in lower
dose values for the different tissues occupying the same volume, only 1.9% of

the bone tissues in DECT were assigned as Cortical Bone (18.5% as Cranium and
79.6% as Spongiosa). For the OAR surrounded by bone in the beam path, the
doses were lower when using the SECT method in comparison to DECT, due to the

high absorption of the Cortical Bone and the hardening of the beam (low energy
photons were absorbed in the bone), resulting in fewer photoelectric absorption
interactions and hence dose deposition in the bone.

24

Therefore, SECT material

segmentation may lead to an underestimation of the dose to OAR in the proximity

of bone (other examples could be organs in the pelvic area or close to the thoracic
spine). In view of these results, with the assumption that bones in small animals

might not be as dense or with such elevated atomic number as human bones and
considering the interest in studies with lower energies, it can be recommended
not to use Cortical Bone when performing SECT segmentation. The choice of
Spongiosa would be more appropriate and additional bone types may need to be

considered for specific regions, as mouse bones are very flexible, in composition

possibly closer to human cartilage, which has less phosphorus and calcium than

Cortical Bone. For studies with lower energies, the choice becomes more important
if higher doses to bony structures are not intended. It is also beneficial to employ
harder beam filters.

DECT with three or four tissues is not reported. The method’s advantage lies in
the possibility of exploring different segmentations based on higher number of
tissues. A reduced number of materials would not benefit this site.

In the soft tissue range, the benefits of DECT for the energy 225 kVp are relatively

small. For small animals such as mice, the affected regions lie mainly in bony

structures. For larger animals, cumulative errors could have a larger role and
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need further considerations. Improvements in tissue segmentation from DECT are
needed for lower photon energies and proton beams in all tissues.

A source of uncertainty in this study is the presence of noise in the CT scans. In
Figure 1b-c, artifacts can be seen in the bone insert, and the bulk of the phantom

seems to have a texture instead of consisting of a uniform medium. The CT values
of the entire region are irregular, 42 ± 62 and 16 ± 57 HU for 50 and 90 kVp scans.

For DECT, the Zeff image is the most affected, with a noisy appearance and the

bulk medium with a mean Zeff value of 8.0 ± 0.4 (ranging from 6.0 to 10.7), which
encompasses many of the soft tissues used in the segmentation and makes it

especially hard to distinguish between Water, Solid Water and Muscle, which also
have densities close together. The large misassignment of materials on DECT8
and DECT9, using materials with similar characteristics (Zeff and ρe) can be partially

attributed to image noise. The image noise and misassignment follow a similar
pattern in Figure 6f,j. The CT projections were reconstructed with a simple FDK
backprojection algorithm. The usage of an iterative reconstruction algorithm with

beam hardening and artifact correction kernels could improve the effect of noise on
the images and provide superior material segmentation when performing DECT.

25

The boundary regions of the phantom and the inserts presented the highest
source of errors for DECT. This can be explained as a partial volume effect: as
two contiguous materials partially fill a voxel, they are combined into voxels that

do not correspond to the CT numbers of either of the materials. This will play a

larger effect in phantoms with small air gaps than in animals. Another possible

and complementary explanation is that the images should have a perfect overlap

with the reference phantom, a small misregistration would provide substantial
differences. This is a feature DECT is sensitive to, while it plays no role for SECT

images. For small shifts between two scans, due to setup or animal movement, rigid
image registration could be used if potential CT number errors from interpolations
are minimal.

Dose calculations in human radiotherapy in the megavoltage photon energy range
are not very sensitive to tissue compositions, however, in the kilovoltage range
used in brachytherapy

6

and in preclinical studies mimicking human radiotherapy

at the level of rodents it becomes a potential cause of uncertainties.

21

A final

issue that deserves attention is that in the present study and, in general, the small

animal radiobiology literature, specimens are segmented with human-like tissues.

It is reasonable to assume that either knowing the actual composition or deriving a
relationship between human and animal tissues should benefit the dose calculation
accuracy and the absorbed dose for the photon energies used in this study.
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Conclusion
The feasibility of dual energy CBCT imaging for kilovoltage dose calculations in

preclinical studies was presented. Images obtained using well-separated x-ray
spectra were acquired with an on-board imager and different segmentation

schemes were tested. The DECT method enabled the employment of a higher
number of materials increasing accuracy in dose calculations. In phantom studies,
both SECT and DECT presented a limit to which adding materials resulted in more

imaging noise in the material maps and the dose distributions. SECT performed
best with three materials and DECT with seven for the phantom case. With lower

beam energies, the effect of incorrect segmentation on the dose calculations
was worse, due to the importance of the photoelectric effect for the kilovoltage
energy range. DECT segmentation offers the distinct advantage of taking into

consideration the effective atomic number of the media. For the ex vivo specimen,

the dose calculations derived from the SECT method showed larger volumes with
high doses. For kilovoltage energies, the use of DECT segmentation combined with
the choice of a bone with low density and atomic number is recommended.
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Chapter 6

Abstract
Objective To assess the image quality and to quantify the accuracy of the relative

electron density ρe and the effective atomic number Zeff for three dual energy

(DECT) scanners: a third generation single-source twin-beam DECT scanner and
two dual-source DECT scanners (second and third generations).

Methods Measurements were performed using a third generation twin-beam DECT

scanner at 120 kVp with gold (Au) and tin (Sn) filters, a second generation dual-

source DECT scanner at 80/140Sn kVp and a third generation dual-source DECT
scanner at 90/150Sn kVp. Three phantoms with tissue-equivalent inserts were

scanned and used for the calibration and validation of parameterized methods to
extract ρe and Zeff, whereas iodine and calcium inserts were used to quantify the

contrast-to-noise ratio (CNR). Spatial resolution in the CT images was also tested.

Results The third generation DECT scanners have an image resolution of 6.2 lp/

cm, ca 0.5 lp/cm higher than the second generation DECT scanner. The twin-beam

DECT scanner has low imaging contrast for iodine materials due to its limited
spectral separation. The parameterization methods resulted in calibrations with low
fit residuals for the dual-source DECT scanners, yielding values of ρe and Zeff close

to the reference values (errors within 1.2% for ρe and 6.2% for Zeff, excluding lung
inserts, for an imaging dose of 20 mGy). The twin-beam DECT scanner presented

overall higher errors (within 3.2% for ρe and 28% for Zeff, excluding lung inserts, for

an imaging dose of 20 mGy). The twin-beam DECT scanner also presented larger
variations for uniform inserts.

Conclusion Spatial resolution is similar for the three DECT scanners. The twin-beam
DECT scanner is able to derive ρe and Zeff, but with inferior accuracy compared to
both dual-source DECT scanners.
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Introduction
Computed tomography (CT) is a crucial imaging modality for the future
developments of quantitative imaging. However, CT numbers depend on the

scanner characteristics and on the reconstruction model, meaning that the same
material will show different CT numbers if the scanning and reconstruction settings
are not the same.

1,2

Dual energy CT (DECT) imaging has the potential to improve quantitative imaging
by adding a second set of data to the same scanned material.

3

This imaging

modality results in two three-dimensional attenuation maps by scanning with two
different x-ray spectra. Various methods have been described to transform these

two sets of data from CT numbers to electron densities relative to water (ρe) and
effective atomic numbers (Zeff),

4–10

quantities suitable for quantitative imaging.

The additional Zeff information allows the distinction of different tissues types

that have similar ρe.

11

DECT imaging is not only a powerful technique to obtain

material-specific information, but it is also better able to reduce beam hardening
artifacts in comparison to conventional single energy CT (SECT) imaging.

12

Moreover, SECT imaging requires a calibration that is conventionally done with

tissue-equivalent materials to obtain the ρe from the CT numbers. Uncertainties

arise from the suitability of these tissue-equivalent materials and the number of

tissue types needed to have a proper calibration (Figure 1 from Bazalova et al 5).

The calibration in DECT imaging is done by phantoms with known ρe and Zeff values.

Different DECT modalities are commercially available and these are based on
single-source or dual-source CT scanners.

3

A single-source DECT scanner can

provide DECT images by performing two consecutive spiral scans at different

energies, scanning with rapid kilovoltage switching, using a dual-layer detector

system or scanning with a split-beam with different filters. The latter is a novel

technique where a single beam is divided using two different filters, which results
in two different x-ray spectra for the same source and thus producing DECT images.
13

Dual-source scanners produce DECT images by using two orthogonal tubes with

different filtrations and voltages that can range from 70 kVp to 150 kVp.

14

The purpose of this study is to assess the image quality and to quantify the

accuracy of ρe and Zeff for three DECT scanners: a third generation single-source
twin-beam DECT scanner and two dual-source DECT scanners (second and third
generations).
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Methods and materials
CT scanners and image reconstruction
DECT imaging was performed with three DECT scanners (Siemens Healthineers,
Forchheim, Germany): a third generation twin-beam scanner (SOMATOM Definition
EDGE), a second generation dual-source scanner (SOMATOM Definition FLASH)

and a third generation dual-source scanner (SOMATOM Definition FORCE). The

dual-source FORCE and the twin-beam EDGE are equipped with third generation

digital detectors (Stellar detector, Siemens Healthineers, Forchheim, Germany),

which reduce electronic noise (on average by 30%) and cross talk in comparison
to the Ultra-Fast-Ceramic (UFC) solid state CT detectors used in the dual-source
FLASH.

15

Table 1 presents all scanning and reconstruction settings for three

imaging dose levels. Reconstructions were performed with filtered backprojection
(FBP) kernels and with equivalent iterative kernels with strength 5.

16

The use of

the same settings for the three scanners was not possible due to different software

versions that were installed on the different scanners. Figure 1 shows the spectral
pairs for each scanner used in this work simulated with the software SpekCalc. 17–19

Table 1: Voltage pair, pitch, exposure and rotation time for a combined computed
tomography dose index (CTDIvol) of approximately 10 mGy, 20 mGy and the maximum
dose allowed by the scanner software. The data for the three imaging dose levels are
separated by a semicolon. 512 x 512 images were reconstructed for 3 mm slices with
filtered backprojection (FBP) and with Advanced Modeled Iterative Reconstruction
(ADMIRE) or Sinogram Affirmed Iterative Reconstruction (SAFIRE).
Parameter

EDGE

FLASH

FORCE

120Au/120Sn

80/140Sn

90/150Sn

0.3

0.6

0.7

9.97; 19.64; 44.12

9.99; 20.02; 40.85

9.99; 20.02; 65.42

Exposure (mAs)

468;
936;
2088

260/100;
530/205;
1083/418

199/124;
398/249;
1304/815

Rotation time (s)

0.33; 0.5; 1

0.28; 0.5; 1

0.28; 0.5; 1

Voltage pair (kVp)
Pitch
CTDIvol (mGy)

Software version
Reconstruction
Kernel

VA49

VA48

VA50

FBP and ADMIRE

FBP and SAFIRE

FBP and ADMIRE

B40 and Q34a

B40 and Q34

Br40 and Qr40b

The kernel nomenclature for iterative reconstructions was recently redefined; the old Q34
is equivalent to the new Qr40 with beam hardening correction for bone and the old B40 is
equivalent to the new Br40.
b
Qr40 with beam hardening correction for bone was selected.

a
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6

Figure 1: Normalized x-ray spectra for the (a) EDGE, (b) FLASH and (c) FORCE DECT
scanners. All high energy spectra have a tin (Sn) filtration (0.6 mm for the EDGE and
FORCE and 0.4 mm for the FLASH). The low energy spectrum for the EDGE has a gold (Au)
filter of 0.05 mm.
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Phantoms
An RMI 467 phantom (Gammex, Middleton, Wisconsin, USA) was scanned with
two different insert configurations. First, the 16 tissue-equivalent inserts were

configured as shown in Figure 2a, such that the bone tissues were spread out

to minimize artifacts. A second configuration followed using six iodine and six
calcium inserts with different concentrations. The remaining four holes were filled

with solid water inserts. Another set of five cylindrical inserts was scanned in two

phantoms with different sizes (Model 002H5 and Model 002HN, CIRS, Norfolk,
Virginia, USA), but both made from identical water-equivalent material (Figure

2b). The inserts consist of tissue-equivalent material: lung (inhale), bone, muscle,
adipose and plastic water (002ED and 002RW-S, CIRS, Norfolk, Virginia, USA).

Table 2 presents the density ρ, ρe, and Zeff for the Gammex RMI 467 and the CIRS

inserts (more detail can be found in Tables 1 and 2 of Landry et al 9). A Catphan

504 phantom (The Phantom Laboratory, Greenwich, New York, USA) consisting
of several modules was also scanned with the same settings to test the image
quality.

Figure 2: (a) Sketch of the Gammex RMI 467 phantom and its insert configurations for
the tissue-equivalent inserts and for the iodine and calcium inserts. (b) Sketch of the CIRS
abdomen (top) and CIRS head (bottom) phantoms and their insert configurations.
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Table 2: Density (ρ), relative electron density (ρe) and effective atomic number (Zeff) for
the inserts of the Gammex RMI 467 and the CIRS phantoms. ρe and Zeff were calculated
using the elemental compositions provided by the phantom manufacturers.
Phantom

ρ (g/cm3)

ρe

Zeff

0.3

0.29

7.55

LN-450 lung

0.46

0.45

7.53

AP6 adipose

0.947

0.93

6.21

BR-12 breast

0.98

0.96

6.93

Insert name
LN-300 lung

Water insert
Gammex RMI 467

1

1.00

7.48

CT solid water

1.022

0.99

7.74

BRN-SR2 brain

1.051

1.05

6.09

LV1 liver

1.096

1.06

7.74

IB inner bone

1.134

1.09

10.42

B200 bone mineral

1.152

1.10

10.42

CB2-30% CaCO3

1.331

1.28

10.90

CB2-50% CaCO3

1.559

1.47

12.54

SB3 cortical bone

1.822

1.69

13.64

Lung
CIRS

0.21

0.20

7.24

Adipose

0.967

0.96

6.44

Plastic water DT

1.039

1.00

7.55

Muscle

1.062

1.04

7.59

1.6

1.51

11.90

Bone

6

The EDGE has a minimum object width requirement of 10 cm in the craniocaudal

direction, since the reconstruction is unreliable within 3 cm from the edges. This is
due to the combination of the twin-beam design and the use of a flat object. On the

one hand, due to penumbra effects a few detector rows close to the boundary of
the filtered beams see a mixture of both Au and Sn spectra. On the other hand, the

use of flat objects causes the attenuation to change drastically in the flat edges,
which has an impact on the data processing and image quality. The Gammex

RMI 467 phantom has a width of only 5 cm and its inserts have a length of 7 cm.
Because of this, scans were made using two original 5 cm disks facing each other,
thus assembling into a 10 cm wide phantom.

The Gammex RMI 467 scans with the tissue-equivalent inserts were used to
calibrate each scanner for ρe and Zeff (following Saito 8 and Landry et al 9), whereas

scans with the CIRS head and abdomen phantoms were used for validation. CT
numbers in Hounsfield Units (HU) from the low and high energy images were

129

Z eff =

√∑

Z i / ∑i

Ai

i

Ai

μratio =

μ LowEnergy
μ HighEnergy

μratio =

m−1
μ LowEnergy A+ B⋅Z n−1
eff + C⋅Z eff
=
n− 1
m−1
μ HighEnergy D+ E⋅Z eff + F⋅Z eff

Chapter 6

measured in circular regions of interest
ω Z (ROIs) that covered the inserts, avoiding
μ−μof
∑slice
e
e ,water
i
their edges, in a selectedHU=1000⋅
central
each
phantom.
Ai water
i

ρ =ρ

i

/ρ

μwater −μ air

ΔHUHU=(1+α)⋅HUHighEnergy −α⋅HU LowEnergy
ωZ
Z eff = ∑i
Z ni / ∑i i i
(1+
Ai α)⋅HU
Ai −α⋅HULowEnergy
HighEnergy
+b
ρ e =a⋅
1000
For each DECT scanner, low and high energy
images of the Gammex RMI 467
μ LowEnergy
phantom with the iodine and
calcium
insert configuration were reconstructed using
μratioω=
i =a
i⋅ρ e +bi⋅Z eff +c i⋅ρ e Z eff +d i
μ HighEnergy

Spectral separation and CNR
ωi Z i
n

√

FBP and iterative reconstruction (IR) algorithms. Merged images were obtained by
n−1
m−1
σ tissue
=√ σ measured
+ C⋅Z eff
μ LowEnergy
A+−σ
B⋅Z
mixing the low and high energy
images
with
anoise
weighted
sum (wlowCTlow + whighCThigh),
eff
2

2

μratio =

=

1
μ HighEnergy
D+ E⋅Z
+ F⋅Z m−1
where the recommended weight
factors
forn−
eff each
eff DECT scanner were used
b

σ noise=a⋅D +c

(wlow and whigh). These images were then used to calculate the contrast-to-noise

ωi Zi
/ ρ−Ī
Ī tissue
e ,water
background
CNR= Ai 2
√ σtissue −σ 2background
ΔHUHU=(1+α)⋅HUHighEnergy −α⋅HU LowEnergy
|HUROI−HUbackground| (1)
CNR=
(1+ α)⋅HUHighEnergy
noise −α⋅HULowEnergy
+b
ρ e =a⋅
1000
)
π √ 2 M(f
and HUbackground are
the
mean
⋅ CT numbers in the ROI and the medium
MTF
(f )=
ω i =ai⋅ρ e +bi⋅Z4
M 0e Z eff +d i
eff +c i⋅ρ

ρ e =ρ
ratio (CNR) for each insert
as ∑i

where HUROI

surrounding the insert. The noise is the standard deviation inside the ROI.

2
Intensity
−Intensity gap
σ tissue =√ σ 2measured
−σ strip
noise
MTF=
Intensity strip+Intensity gap
Quantification of image resolution
σ noise=a⋅D b+c
‖Rf −p‖2
The CTP528 module from the Catphan
phantom consists of 21 sets of aluminum
Ī tissue−Ī background
2
CNR=
2 which are quantified in terms of line pairs
‖Rf −p‖
strips separated by equally argmin
sized
gaps,
−σ background
√f σ2tissue

per cm (lp/cm). The image resolution can be obtained using a modulation transfer

−HUbackground|
2 R|HU
(RfROI
−p)
function (MTF) that describes
CNR=the reduction in the contrast between the strips and
T

noise

the gaps as the number ofρ=1.073
line pairs
per centimeter increases.
ρ − 0.04

calculated as

e

20,21

The MTF is

π √ 2 M(f )
⋅
MTF (f )=
ΔHUD=(D4DECT −
)/D Ref⋅100%
MD
0 Ref
MTF=

Intensity strip−Intensity gap
(2)
Intensity strip+Intensity gap
2

‖Rf
−p‖CT numbers. Spatial resolution is quantified when
where the intensities are
the

MTF equals 10% (expressed
as‖Rf
@10%MTF).
The MTF was calculated for both FBP
argmin
−p‖2
f
and IR algorithms and for each
scanner.

2 RT (Rf −p)

Relative electron density and effective atomic number
ρ=1.073 ρ e − 0.04

For quantitative imaging,
ρe and
Zeff
were
from images reconstructed
ΔHUD=(D
D Ref
)/D Refobtained
⋅100%
DECT −

with the ADMIRE (EDGE and FORCE) and SAFIRE (FLASH) algorithms. This choice
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8

which is based on a single

linear relationship between a weighted subtraction of CT numbers and ρe.
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The same quantities were obtained using syngo.via software (Siemens Healthineers,

Forchheim, Germany) from which ρe and Zeff images are extracted. The conversion
of CT numbers to ρe and Zeff are described in detail by Hünemohr et al 10 The results

from the Saito/Landry methods were compared with syngo.via, which can be found
in the appendix (Figures A3 and A4).

Results
Results are presented for the scans with a CTDIvol of approximately 20 mGy, unless

otherwise indicated.

Spectral separation for iodine and calcium inserts
Figure 3 shows low and high energy CT numbers for the iterative reconstructed
scans with different iodine and calcium inserts. Figure 3a presents the scatter plots

for the twin-beam EDGE, which are closer to the identity line (in black) than the
plots for the dual-source FLASH and FORCE (Figures 3b and 3c). Specifically, the
iodine inserts present poorly separated CT numbers in Figure 3a. The difference

between the two generation detectors is apparent in the scatter clouds’ size,
where the images acquired with third generation digital detectors show a smaller
variation in CT numbers (Figures 3a and 3c).

Figure 4 presents the CNR for the iodine (Figure 4a) and the calcium (Figure 4b)
inserts for the FBP scans of the three scanners. Both figures show the results for

CTDIvol of approximately 10 mGy and 20 mGy. Both figures show higher values of

CNR for the FORCE. Although the EDGE has similar noise levels, the difference

between the mean CT numbers and the surrounding are lower, resulting in a lower
CNR. Similar values of CNR are found for the EDGE and the FLASH.

Spatial resolution
Figure 5 shows the MTF as function of the frequency (in lp/cm) for the three DECT

scanners for a CTDIvol of approximately 20 mGy for two different reconstructions:
FBP and IR. Image resolution @10%MTF is 6.2 lp/cm, 5.8 lp/cm and 6.2 lp/cm for

the iterative reconstruction of the EDGE, FLASH and FORCE, respectively. Slightly

inferior values are found for the FBP reconstructed images (6.1 lp/cm, 5.7 lp/cm,
and 6.0 lp/cm). Values for @10%MTF are constant for the three dose levels used
(±0.1 lp/cm).
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Figure 3: Low and high energy CT number plots for the iodine (2, 2.5, 5, 7.5, 10 and
15 mg/mL) and calcium (50, 200, 300, 400, 500, and 600 mg/mL) inserts for a CTDIvol of
approximately 20 mGy for the (a) EDGE, (b) FLASH and (c) FORCE. Inserts are numbered
from low to high density, in which the iodine inserts have numbers 1-6 (iodine 2 mg/mL
and 2.5 mg/mL overlap) and the calcium inserts are numbered 7-12. The identity line is
plotted in black and each scatter point corresponds to one pixel from each insert’s ROI.
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Figure 4: CNR for the (a) iodine and (b) calcium inserts for two dose levels (CTDIvol) of
approximately 10 mGy (solid lines) and 20 mGy (dashed lines).
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Figure 5: MTF for the three DECT scanners at a CTDIvol of approximately 20 mGy.

6

Calibration of ρe and Zeff for each scanner
For the assessment of ρe and Zeff, iterative reconstructions were used (Figure A1).
Saito’s calibration fit parameters are presented in Table 3. The parameter α should

be smaller for larger spectral separation (equation 3 from Saito 8). The calibration

fits for Zeff as a function of the ratio of the linear attenuation coefficients (μratio)

are shown in Figure 6. The lung inserts in the Gammex RMI 467 phantom were

excluded from the fitting procedure, as described by Landry et al, 7 since they are

heterogeneous and their low CT numbers lead to high standard deviation values.
The interval range of μratio differs between the twin-beam (ca 0.1) and the dual-

source (ca 0.4) DECT scanners (Figure 6).

Table 3: Saito’s calibration fit parameters a, b and α from equation 3 for the Gammex RMI
467 phantom.
Parameter

EDGE

FLASH

FORCE

α

2.06

0.44

0.35

a

1.04

0.98

0.99

b

0.99

0.99

0.99
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Figure 6: Fit results for equation 4 using the Gammex RMI 467 phantom with tissueequivalent inserts. Both lung inserts were excluded from the fitting procedure. Error bars
are the standard deviations for each insert.

Errors of measured ρe and Zeff
The ρe and Zeff errors for the Gammex and CIRS phantoms are shown in Figure 7. In

Figure 7a,b, a pattern is identified: the errors for the twin-beam DECT scanner are

higher for the inserts in the inner ring of the phantom. For the dual-source DECT

scanners, the errors for ρe range between [-0.6%, 1.2%] and [-1.2%, 0.4%], and
for Zeff between [-6.2%, 3.8%] and [-5.2%, 1.6%]. For the twin-beam scanner, the

errors have wider ranges: [-0.7%, 15.3%] for ρe and [-28.1%, 4.2%] for Zeff.

Figure 7c,d shows the errors of Zeff and ρe for the two validation phantoms. Relative

differences between ρe values of the same insert in the two different phantoms are

within 0.6% for the FLASH and EDGE, with the exception of the lung insert, whereas
for the FORCE all relative differences are within 0.5%. For Zeff, discrepancies are

observed in lung and adipose for the EDGE (14.5% and 6.9%) and also in adipose
for the FORCE (5.6%). All other relative differences between Zeff are within ±2%.
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Figure 7: ρe and Zeff errors (%) of measured values with respect to the reference values of
the (a,b) Gammex RMI 467 and (c,d) CIRS abdomen and head phantoms.

Material attribution feasibility
Tissue composition segmentation can be performed in the (ρe,Zeff) space (detailed

in section 2.5 from Landry et al 7), which uses the two-dimensional Mahalanobis

distance to assign each voxel to its closest reference material. For this method
to be feasible, a proper separation in the (ρe,Zeff) space of the scatter plots for

the different calibration materials should exist. Figure 8 presents the scatter plots
from the scans with the calibration phantom for the three scanners. The data

discretization observed for low Zeff values (e.g. for the lung inserts) are a result

of saving CT numbers as integers by the scanner software. In Figure 8a1, it is
possible to observe in detail the cortical bone insert (insert number 8) for the
EDGE scanner, which shows the spread of ρe (Δρe) and Zeff (ΔZeff). Compared to the

other two scanners, these ranges are wider for all inserts in the EDGE, which is
especially noticeable for the bone tissues.
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All voxels for the lung and dense bone tissues were assigned to the correct material
for the Gammex RMI 467 phantom (Figure A2). The inner bone and bone mineral
equivalent inserts have similar compositions and density, resulting in very close
values of ρe and Zeff (Figure 8).

11

The visible overlap of the soft tissues results in

a lower percentage of correct material attribution, which can be improved with
lower spread of the (ρe,Zeff) clouds. The CIRS tissue inserts are well separated in the

(ρe,Zeff) space resulting in 100% correct material attribution, except for muscle and

plastic water in the abdomen phantom for the EDGE (93% and 98%, respectively).
The errors of the ρe and Zeff as well as the scatter plots of the (ρe,Zeff) space were
obtained from the ρe and Zeff images extracted from syngo.via (Figure A3).

Figure 8: (a) EDGE, (b) FLASH, and (c) FORCE (ρe,Zeff) scatter plots for the Gammex RMI
467 phantom (CTDIvol of approximately 20 mGy). Figure 8a1 shows the scatter plot for the
cortical bone insert (insert number 8), where the spread on ρe and Zeff are identified with
Δρe and ΔZeff. Numbers 1-16 relate to Figure 2. The solid water inserts 3, 5, and 13 were
excluded from these plots.
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Discussion
The novel technology presented in this paper, the split filter in the EDGE, has

the advantage of using a single x-ray tube to acquire DECT scans, allowing for a

possible upgrade on many clinical SECT scanners. In this work, a comparison of
this new technique with the state-of-the-art dual-source DECT scanners was done

to assess the performance of the twin-beam on quantitative imaging, knowing
beforehand that the spectral separation of the twin-beam would not be as good as
the one from the dual-source DECT scanners.

The EDGE has a width requirement of 10 cm in the craniocaudal direction, as
explained previously. Although the scans with the calibration phantom were

acquired using two Gammex RMI 467 disks, it is important to point out that using
the syngo.via software, non-uniform ρe and Zeff images along the phantom’s profile

were obtained for uniform inserts, whereas such non-uniformities were not seen
in the CIRS phantoms, which have a width of 15 cm. Nevertheless, the central
slice of the Gammex RMI 467 disk with the inserts presented the most uniformly
reconstructed image and it was used to perform the calibration.

A consequence of the twin-beam energy spectra (Figure 1a) is the poor CT number
separation seen in Figure 3a for the iodine and calcium inserts. The two dual-

source scanners, with well-separated spectra, present a noticeable distinction in
CT numbers between the low and high energy scans for the iodine and calcium

scans. The FORCE with the third generation detectors and the smaller spectral
overlap (of only 10.5% of the area overlapping) shows scatter plots further away
from the identity line and with lower variations.

The FLASH and EDGE have similar CNR results for both iodine and calcium
materials. On one hand, the FLASH has a good contrast due to its wider spectral

separation, but higher noise levels due to the detector. On the other hand, the
EDGE has low noise values, but also low contrast due to its narrower spectral
separation. The FORCE has a CNR on average 1.5 times superior to the FLASH and
1.4 times superior to the EDGE.

In terms of image resolution, the results for the @10% MTF are similar for both
the EDGE and the FORCE and slightly lower for the FLASH, since the MTF is mostly
detector-related.

The calibration of ρe and Zeff was performed for the three scanners using the

methods from Saito 8 and Landry et al 9 The EDGE presented less robust calibration
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curves with higher fit residuals. This can be explained again by the reduced
spectral separation of the twin-beam, that resulted in a high α parameter for the

ρe fit (Table 3) and a low range of the attenuation coefficients ratio for the Zeff fit

(Figure 6a). These results have a direct implication on the extraction of the ρe

and Zeff, which had overall higher differences to the reference values and spread
out clouds in the (ρe,Zeff) scatter plots for this DECT scanner. The same or higher
deviations were obtained from syngo.via’s images, which use a different method
to calculate ρe and Zeff.

The ρe and Zeff errors for the calibration phantom are noticeably higher for the EDGE,

especially for all inserts located in the inner ring of the Gammex RMI 467 phantom
(inserts 9-16, Figure 7a,b). This can be related to the twin-beam requirement to

reconstruct objects thicker than 10 cm. For this phantom, the FLASH and the
FORCE presented lower errors for the tissue-equivalent inserts, specifically, errors

for the soft tissues within 1.3% for ρe and 7% for Zeff and for the bone tissues within
0.5% for ρe and 1.9% for Zeff.

The validation was performed with a different set of tissue-equivalent inserts in two

phantoms of different sizes, aiming to also assess the robustness of the calibration
for a smaller phantom. Values of ρe for both phantoms have a relative difference

within 0.6% for the three DECT scanners. Higher discrepancies are observed for
Zeff, within 2% for bone, muscle and water and within 6% for adipose. From these

results, it is possible to conclude that the calibration methods used for DECT are

not phantom-size dependent, as long as beam hardening effects are corrected in
the image reconstruction.

Images acquired with the twin-beam DECT modality resulted in widely spread ρe

and Zeff values for the same material type (Figure 8), contrary to the results from

the dual-source DECT scanners. The use of different IR algorithms and detector

systems and the aberrant values found for the lung inserts are limitation from this
study, but these do not change its overall conclusions.

Conclusion
The dual-source DECT scanners measure ρe and Zeff values closer to the reference

values in comparison to the twin-beam DECT scanner, with a higher accuracy
for the FORCE. A higher image resolution and CNR was also found for the FORCE
compared to the other two DECT scanners.

140

Twin-beam vs dual-source DECT scanners

A comparison study between a scanner with a novel DECT technique, a twin-

beam, and dual-source DECT scanners is shown in this paper. Understanding
the implications of using this new technique in terms of resolution, contrast and
derivation of two quantities, ρe and Zeff, is essential to assess the future of the twin-

beam DECT modality for radiotherapy with photon and ion beams. The contrast

and tissue material segmentation are necessary for a better contouring of body

structures, organs and tumors. Also, an accurate calculation of these quantities
is necessary to perform dose calculations and to be able to do in vivo range

prediction for treatment verification for particle therapy. Finally, other features in
quantitative imaging such as detailed texture analysis require high quality DECT
images.
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Appendix

Figure A1: Reconstructed images of the (a) low and (b) high energy scans of the Gammex
RMI 467 phantom scanned with the EDGE. The reconstruction was performed using the
ADMIRE algorithm for a CTDIvol of approximately 20 mGy.
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Figure A2: Correctness of tissue attribution using the Mahalanobis distance for the
Gammex RMI 467 phantom (excluding the solid water and liquid water inserts). Tissues are
ordered from low to high density.

Comparison with syngo.via
Comparison between the results for the methods used in this work (Saito/Landry

methods) and syngo.via’s ρe and Zeff values presented overall higher errors using
syngo.via’s methods for the EDGE and FLASH, whereas for the FORCE, both methods

are more consistent for the majority of the inserts (Figure A3). Figure A4 shows
the voxel spread for each insert in the (ρe,Zeff) space. Although the scatter plots

are narrower than the results from Figure 8, these are located further away from

the reference values. Also, the conversion made by syngo.via from CT numbers to
these quantities leads to a discretization of the scatter plots, which can cause the
clear offset between the measured and the reference values, in particular, for the
bone-equivalent inserts.
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Figure A3: ρe and Zeff errors (%) of measured values for the Gammex RMI 467 phantom
using the Saito/Landry methods and syngo.via for the (a,b) EDGE, (c,d) FLASH and (e,f)
FORCE. The lung inserts were excluded, since syngo.via attributes Zeff = 0 to voxels with a
CT number below -500 HU.
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Figure A4: (a) EDGE, (b) FLASH and (c) FORCE (ρe,Zeff) scatter plots for the Gammex RMI
467 phantom extracted from syngo.via (CTDIvol of approximately 20 mGy).
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Abstract
Objective To reevaluate the approximately 60 year old reference data for human
tissue compositions and densities using a dual energy CT (DECT) approach.

Methods DECT images of 26 abdominal cancer patients were used to extract
several physical properties for different in vivo tissues. First, the effective atomic

number Zeff and the relative electron density ρe were extracted for each voxel in

the DECT images and compared to the well-established reference data which

are derived from studies that are about 60 years old. Means and noise-corrected
standard deviations were calculated for the extracted Zeff and ρe voxels. These

values were used to calculate the spread in mass energy-absorption coefficients
μen/ρ for the Palladium-103 photon emission spectrum. In the second part of this

study, the influence of beam hardening as well as the influence of motion and
image registration artifacts was investigated.

Results A large spread was found in Zeff and ρe voxels that belong to the same tissue.

For Palladium-103 brachytherapy sources, the spread in tissue compositions and
densities can result in μen/ρ differences ranging from -45.0% to +71.6% for soft

tissues and from -72.7% to +24.7% for bone tissues within only a single standard

deviation away from the mean tissue value. Therefore, it is unrealistic to represent
an entire tissue by its mean value in dose calculations.

Conclusion Given the large differences found in this study, it is imperative that

the spread in tissue compositions and densities is taken into account. DECT is an
important first step to investigate this spread and to account for differences in
tissue composition between individuals and within organs.
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Introduction
In the field of radiotherapy, dose calculations are used to optimize the radiation

dose to both the tumor and its surrounding healthy tissues. The gold standard
for dose calculations is the Monte Carlo method, which involves simulating the

transport of individual particles through the patient. Accurate dose calculations
require correct modeling of both the radiation source and the patient. The modeling

of the patient is often based on CT images. These images are used to generate
a material map and density map of the patient geometry. The material map links

each voxel to a material with a certain elemental composition. To obtain a material
map, the voxels need to be segmented into different tissue types with a known

elemental composition. This process is referred to as tissue segmentation. It has

been shown that the accuracy of tissue segmentation increases when dual energy

CT (DECT) images are used instead of the conventional single energy CT (SECT)
images.

1–6

Both tissue composition and density are crucial factors in dose calculations.
Tissue composition is particularly important for simulations of low energy photons
used in brachytherapy, kilovoltage treatment/imaging beams and small animal
radiotherapy.

7,8,3

For low energy photons, photoelectric absorption is the dominant

interaction. The probability of photoelectric absorption depends strongly on the

atomic number Z and thus, in the case of tissues, the elemental composition.

For simulations of high energy photons used in megavoltage treatment/imaging

beams, density is more important than tissue composition. For high energy
photons, Compton scattering is the dominant interaction. The probability of
Compton scattering depends on the number of electrons in a given volume
(electron density), which is proportional to the mass density of the tissue. In

the field of proton therapy, tissue composition is also a crucial factor, since it

influences the mean excitation energy which is in turn used to calculate the proton

stopping power ratio. Not only proton dose calculations, but also proton range
verification techniques, such as positron emission tomography (PET) and prompt
gamma imaging (PGI), require correct tissue compositions.

9–11

The well-established reference data for human tissue compositions and densities

are listed in several reports by the International Commission on Radiation Units

and Measurements (ICRU) and the International Commission on Radiological
Protection (ICRP).

12–14

The origin of the reference data, which will be discussed

later, can be traced back to multiple studies from as early as the 1950’s. The
methods that were used in these studies were rather crude and often inconsistent

between the different studies. The reference data have been compiled from many
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different sources and have been recycled and renormalized for many decades. This
might lead to potential errors and inconsistencies. Moreover, the reference data
are derived from ex vivo specimens. From a physical perspective, ex vivo tissue

compositions and densities might be different from in vivo tissue compositions and
densities, which are required when calculating a radiation dose in a patient. The

factors mentioned above necessitate a reevaluation of the tissue compositions
and densities in vivo by using a more modern approach.

In this study, DECT images of 26 abdominal cancer patients were used to extract
several physical properties for different in vivo tissues. First, the effective atomic
number Zeff and the relative electron density ρe were extracted for each voxel in

the DECT images and compared to Zeff and ρe values that were calculated from the

ICRU and ICRP reference data. Means and noise-corrected standard deviations were
calculated for the extracted Zeff and ρe voxels. These values were used to calculate
the spread in mass energy-absorption coefficients μen/ρ for the Palladium-103 photon

emission spectrum. In the second part of this study, the influence of beam hardening

as well as the influence of motion and image registration artifacts was investigated.

Methods and materials
Subjects
A total of 26 abdominal cancer patients who received external photon beam

radiotherapy were included in this retrospective study, which was approved by
MAASTRO Clinic’s internal review board (P0216). The 16 male and 10 female
subjects had a mean (± 1 standard deviation) age of 66 (± 9) y.

Image acquisition
Both DECT and SECT images were acquired for all subjects using a SOMATOM
Confidence RT Pro dual-spiral CT scanner (Siemens Healthineers, Forchheim,
Germany). The DECT images (80 kVp and 140 kVp) were reconstructed using the

I30f\5 algorithm and the SECT images (120 kVp) were reconstructed using the B30s
or I30s\3 algorithms. B30s is a filtered backprojection reconstruction algorithm.
I30s\3 and I30f\5 are Sinogram Affirmed Iterative Reconstruction (SAFIRE)

reconstruction algorithms. The DECT and SECT images were both reconstructed
into 1.0 x 1.0 x 3.0 mm3 voxels. The CARE Dose4D technique, which adapts the

tube current to the patient’s size based on the topogram, was enabled to minimize
the imaging dose (mean DECT imaging dose: 14.2 mGy).
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Image registration
The 80 kVp and 140 kVp images were registered to the 120 kVp images, since all

tissues were contoured on the 120 kVp images. A multi-resolution rigid registration
was applied first, followed by a multi-resolution deformable registration. The open

source software Elastix (Image Sciences Institute, Utrecht, Netherlands) was used
to determine the deformation fields and the open source software Transformix
(Image Sciences Institute, Utrecht, Netherlands) was used to apply them.

15

The

image registration parameters that were used to register the 80 kVp and 140 kVp

DECT images to the 120 kVp SECT images are listed in Table A1 (appendix). Image
registration was required because the dual-spiral CT scanner acquires the images
consecutively instead of simultaneously. Patient motion between the different

acquisitions could cause misregistrations between the different images, resulting
in errors in the Zeff and ρe images.

Effective atomic number and relative electron density
The Zeff images were calculated using the tissue substitute method described by

Landry et al, which is based on a parameterization of the ratio of high and low
energy linear attenuation coefficients μ (80 and 140 kVp).

16

The ρe images were

extracted using a method described by Saito, which is based on a single linear
relationship between a weighted subtraction of CT numbers and ρe.

17

Both the

Zeff and ρe calibrations were performed using the RMI 467 phantom (Gammex,
Middleton, Wisconsin, USA).

Contouring and image processing
The clinical treatment planning software Eclipse (Varian Medical Systems, Palo

Alto, California, USA) was used to draw contours around a range of different

tissues. These contours, which were drawn by an experienced radiation oncologist
were converted into bitmasks using the poly2mask function in MATLAB R2016b
(MathWorks, Natick, Massachusetts, USA). All air voxels with CT number ≤ -300 HU

in the 120 kVp image were removed from the bitmasks for the hollow tissues (anal

canal, bowel bag, rectum and stomach). An erosion with a spherical structuring
element (radius 1 pixel) was applied to the bitmasks for all tissues. For the anal

canal, bowel bag and rectum tissues, the reference data for the gastrointestinal
tract were used. The bitmasks were applied to both the 120 kVp images and the Zeff

and ρe images which were extracted from the registered 80 and 140 kVp images.
The means and standard deviations for the Zeff and ρe voxels were calculated for

each bitmask.
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et al, the tissue compositions were renormalized to the 6 most common elements,
which are hydrogen (H), carbon (C), nitrogen (N), oxygen (O), phosphorus (P) and
calcium (Ca). The renormalization was required because the weight fractions for

the other elements were too low to be accurately extracted from DECT images.
The renormalization differences in H, C, N and O weight fractions are not expected
to cause substantial differences in μen/ρ and thus in the absorbed radiation dose.

However, the effect of ignoring trace elements on the absorbed radiation dose is

not negligible. Differences of 4% for adipose tissue and 5% for mammary gland
tissue were reported by White et al for Palladium-103 brachytherapy sources.

21

The μen/ρ values for the Palladium-103 photon emission spectrum were calculated
using the National Institute of Standards and Technology (NIST) tables of photon
mass attenuation coefficients and mass energy-absorption coefficients.

22

The

Palladium-103 photon emission spectrum was obtained from the National Nuclear
Data Center (NNDC) tables of decay radiation.

23

The 2.7 keV line was discarded

from the spectrum, since these photons have extremely limited penetration

depths (99% of the 2.7 keV photons are attenuated after 176 μm of water) and will

deposit their dose in a very small region. For similar reasons, the electron emission
spectrum was also not taken into account. The new photon emission spectrum,
which has a minimum energy of 20.074 keV, was used to calculate the μen/ρ values

for the individual elements (H, C, N, O, P and Ca). These μen/ρ values were then
multiplied by the elemental weight fractions to obtain the μen/ρ values for the

different tissue compositions. A spread of ± 1 standard deviation was added to
the mean Zeff and ρe to calculate new tissue compositions from which new μen/ρ

values were calculated. The μen/ρ values that were calculated from the extracted

tissue compositions were compared to the μen/ρ values that were calculated from

the reference tissue compositions.

Beam hardening artifacts
The influence of beam hardening artifacts on the low and high energy CT numbers,
Zeff and ρe was investigated for the bladder and liver in a random subject. See

Figure 1. In the bladder, beam hardening was caused by the dense hip bones on
both sides of the bladder. In the liver, beam hardening was caused by the ribs. The
original contours were manually divided into a no beam hardening area (green)

and a beam hardening area (red). For these areas, separate Zeff and ρe values were
calculated, both mean values as well as standard deviations.
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Figure 1: Beam hardening artifacts in the bladder (a-b) and liver (c-d). The 80 kVp image is shown in a and c. The green and red masks in b
and d represent the no beam hardening (green) and beam hardening (red) areas.
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Motion and image registration artifacts
DECT images that are acquired using the dual-spiral technique can be subject to

patient motion between the different acquisitions that could cause misregistrations
between the different images, resulting in errors in the Zeff and ρe images. Image

registration can correct these misregistrations, although not perfectly. The
influence of an imperfect registration on Zeff and ρe, either due to motion or image

registration artifacts, was investigated for the bladder and liver in a random
subject. The registered high energy CT image was shifted 1, 2 and 3 voxels in the

DICOM X, Y and Z directions. New Zeff and ρe images were calculated using the

registered low energy CT image and the shifted registered high energy CT image.
From the Zeff and ρe images, means and standard deviations were calculated for Zeff

and ρe in the bladder and the liver.

Results
Dual energy CT scatter plots
Figure 2 shows DECT (ρe,Zeff) scatter plots for muscle, bone, kidney, liver and
bladder tissues for 4 different subjects. Each point in this scatter plot represents

a single voxel with a certain (ρe,Zeff) coordinate. The dashed lines represent the

Zeff and ρe reference values and the intersection of the Zeff and ρe lines represent
the reference point to which all voxels of the corresponding tissue are assigned

in the case of a “perfect” tissue segmentation. The large size of the clouds in

the scatter plots indicate that this theoretically perfect tissue segmentation is, in
fact, far from perfect. Histograms of both the Zeff and ρe distributions are added to

provide a better understanding of these distributions. The Zeff and ρe distributions
are similar between different subjects, but a large spread can be observed within
the different tissues.
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Figure 2: DECT (ρe,Zeff) scatter plots for muscle, bone, kidney, liver and bladder tissues for 4 different subjects.
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Effective atomic number and relative electron density
The distributions of Zeff and ρe voxels are shown in Figures 3 and 4, respectively.

In these figures, the number of subjects used to calculate the Zeff and ρe values

is presented between brackets next to the tissue labels. The corrected standard
deviations are indicated by the black error bars and the uncorrected standard
deviations are indicated by the grey error bars. On average, the mean Zeff difference
equals 3.6%. When comparing the extracted Zeff to the reference Zeff and taking the

spread within the tissues into account, errors ranging from -20.4% (bowel bag)

to +22.2% (stomach) were found for the soft tissues. For the bone tissues, errors
ranging from -29.1% (rib) to +7.2% (femur) were found. On average, the mean ρe

difference equals 3.7%. When comparing the extracted ρe to the reference ρe and

taking the spread within the tissues into account, errors ranging from -15.5% to
+6.2% (both stomach) were found for the soft tissues. For the bone tissues, errors
ranging from -28.1% (rib) to +18.6% (femur) were found.

Mass energy-absorption coefficients
Figure 5 shows the μen/ρ values for the Palladium-103 photon emission spectrum.
The error bars indicate a spread of ± 1 std in Zeff and ρe. On average, the difference

between the extracted μen/ρ and reference μen/ρ is 9.4% for soft tissues and 35.5%

for bone tissues. Taking the spread within the tissues into account, errors ranging
from -45.0% (bowel bag) to +71.6% (stomach) were found for the soft tissues.
For the bone tissues, errors ranging from -72.7% (rib) to +24.7% (femur) were

found. Considering that the error ranges apply to the ± 1 std interval, this implies
that even larger errors are found for 32% of the voxels in the case of a normal
distribution.
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Figure 3: Distribution of the effective atomic number. The number of subjects used to
calculate the Zeff and ρe values is presented between brackets next to the tissue labels. Top:
mean ± 1 standard deviation ranges for the subjects with the most extreme mean values
for each tissue. Black and grey error bars indicate the corrected and uncorrected standard
deviations, respectively. Bottom: comparison of the spread in effective atomic number
(indicated by the ± 1 standard deviation ranges) between subjects and within tissues.
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Figure 4: Distribution of the relative electron density. The number of subjects used to
calculate the Zeff and ρe values is presented between brackets next to the tissue labels. Top:
mean ± 1 standard deviation ranges for the subjects with the most extreme mean values
for each tissue. Black and grey error bars indicate the corrected and uncorrected standard
deviations, respectively. Bottom: comparison of the spread in relative electron density
(indicated by the ± 1 standard deviation ranges) between subjects and within tissues.
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Figure 5: Mass energy-absorption coefficients for the Palladium-103 photon emission
spectrum. The number of subjects used to calculate the Zeff and ρe values is presented
between brackets next to the tissue labels. The error bars indicate a spread of ± 1 std in
Zeff and ρe.

Beam hardening artifacts
The influence of beam hardening artifacts on the low and high energy CT numbers,

Zeff and ρe is shown in Figure 6 for the bladder and liver in a random subject. When

excluding the beam hardening areas, higher CT number means are found for

both the bladder and liver tissues. However, the CT number standard deviations
decrease when excluding the beam hardening areas. The changes in CT numbers
affect the mean Zeff (ca 3%) and ρe (ca 0.3%), and their standard deviations. Like

the CT number standard deviations, the Zeff and ρe standard deviations decrease

with a few percent when excluding the beam hardening areas. The change in
means and standard deviations depends strongly on the amount of tissue that is
affected by beam hardening.

Motion and image registration artifacts
Figure 7 shows the Zeff and ρe means and standard deviations for the bladder and

liver in a random subject after shifting the registered high energy CT image 1,
2 and 3 voxels in the DICOM X, Y and Z directions. The largest differences from

the original can be observed for shifts in the Z direction, which can be explained
by the fact that the voxel spacing is larger in this direction (3.0 mm) than in the
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other directions (1.0 mm). Therefore, shifting the deformed high energy CT image
over the same number of voxels results in a larger spatial displacement in the Z

direction. The influence of the shifts on the Zeff and ρe means is minimal, with the

exception of the Z direction. The maximum difference found for the Zeff means

was 4.8% in the Z direction and 0.9% in the other directions. For the ρe means,

the maximum difference was even smaller (1.2% in the Z direction and 0.2% in

the other directions). In contrast to the Zeff and ρe means, the Zeff and ρe standard

deviations increase rapidly with the number of shifted voxels. For the Zeff standard
deviations, the maximum difference was 106.5% in the Z direction and 45.0%

in the other directions. Even larger differences were found for the ρe standard

deviations (467.5% in the Z direction and 82.2% in the other directions).

7

Figure 6: Influence of beam hardening artifacts on the low and high energy CT numbers
(a-b), the effective atomic number (c) and the relative electron density (d) for the bladder
and liver in a random subject.
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Figure 7: Effective atomic number and relative electron density means and standard
deviations for the bladder and liver in a random subject after shifting the registered high
energy CT image 1, 2 and 3 voxels in the DICOM X, Y and Z directions.

Discussion
Compared to a previous study on murine tissues,

18

a better agreement was

found between the extracted and reference values. Given the fact that the
reference values are largely based on human tissues (and not on murine tissues),

this was expected. Additionally, the difference between the corrected and

uncorrected standard deviations is substantially smaller in the present study than
in the previous study. This can be partially explained by the fact that a filtered

backprojection reconstruction algorithm was used in the previous study and an
iterative reconstruction algorithm was used in the present study.

24,25

A similarity

between the studies is that the spread within tissues is considerably larger than
the spread of mean values between subjects. In contrast to the previous study
on murine tissues, in which the extracted ρe was higher than the reference ρe

for most tissues, the extracted ρe is now lower than the reference ρe for most
tissues. The difference between the extracted μen/ρ and reference μen/ρ is larger

compared to a previous study on murine tissues.

18

This can be explained by the

fact that the mean energy of the Palladium-103 photon emission spectrum (18.9
keV; 20.7 keV after discarding the 2.7 keV line) is lower than the mean energy of
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the typical kilovoltage treatment beam used in the previous study (86.1 keV). For
lower energies, μen/ρ differs even more between different tissues.

The ICRU and ICRP reference tissue compositions are taken from publications from
the 1980’s by Woodard and White,

26,27

who did not perform the original tissue

analysis, but reassessed and updated data from ICRP publication 23,

28

which

was compiled from many different sources that employed different experimental

conditions. In some studies, fresh tissue samples were used. Other studies used
tissue samples that were dehydrated, defatted or otherwise manipulated. Moreover,

some of the tissue samples were not taken from humans but from a broad range of
different animals. The weight fractions for the heavier elements were taken from
emission spectrography studies performed at the University of Tennessee and the
Oak Ridge National Laboratory in the 1950’s, which is 60 years ago.

29

The weight

fractions for the lighter elements were recalculated from the weight fractions for

water, lipid, protein, carbohydrate and ash contents. The weight fraction for these
components were taken from studies from the 1950’s such as those performed
by Forbes et al.

30

The origin of the reference tissue compositions is described

recently in greater detail by Mann-Krzisnik et al.

7

Combining the weight fractions

from different studies did not result in total weight fractions of 1. In fact, 23.5% of

the compositions listed in ICRP publication 23 had mass discrepancies exceeding
5%. Even higher mass discrepancies, exceeding 20%, were found for 14.8% of
the tissues.

31

The derived compositions were corrected to a total weight faction

of 1 by allocating any missing mass to the major component or removing any
exceeding mass from the major component.

26

Despite all of the above, the

reference compositions are probably fairly accurate, on average, based on the
Zeff values extracted in this study. This is unexpected in view of the methods used

to obtain the reference compositions. Even though the average values are fairly
accurate, it is unrealistic to represent an entire tissue by its mean value in dose
calculations given the large spread found in this study.

The densities that are listed in the ICRU and ICRP reference data are also taken
from the Woodard and White publications.

26,27

Like the tissue compositions, the

densities are also not based on original data, but are recalculated from different
components. However, these components and their densities were not mentioned.
Only a book chapter by Fomon from 1966 was cited.

32

The components that were

used in this chapter are water (0.994 g/cm ), fat (0.901 g/cm3), protein (1.340
3

g/cm3), bone mineral (2.982 g/cm3), non-osseous mineral (3.317 g/cm3) and
residue (1.100 g/cm3). The densities were taken from a paper by Brožek et al
from 1963.

33

The bone mineral, non-osseous mineral and residue densities were

original research. The fat density was taken from a paper by Fidanza et al from
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1953, who determined the density of surgically removed human fat at different
temperatures.

34

The origin of the water and protein densities are not mentioned

by Brožek et al, aside from the short note that these values “were taken from the
literature”. The density of water is well known and the used density of 0.994 g/cm3

is in agreement with more recent data. 35 The origin of the protein density remains

a mystery. The densities of the components are all for a temperature of 36 °C,
as stated by Brožek et al. This means that the ICRU and ICRP reference densities

are applicable to in vivo tissues, yet the extracted ρe values were systematically

lower than the reference ρe values. This difference could be caused by the fact
that the densities were not determined directly, but recalculated from different
components. Woodard and White also mention a difference of 2% between their
recalculated densities and the densities listed in ICRP publication 23.

26

Another

cause for the density difference could be the fact that the 36 °C densities for
some of the components were obtained by interpolating densities at different

temperatures. Based on the systematic difference between the mean extracted

ρe and the reference ρe, it can be concluded that the ICRU and ICRP reference
densities are probably not correct. The correctness of ρe is not as important as
the correctness of Zeff, since it is common practice to assign densities based on

the CT image and not based on the reference data, in contrast to the elemental
compositions, which are usually assigned based on the reference data.

Temperature is an important factor that should be taken into account when
determining densities, since both mass density and electron density are

temperature dependent. Increasing the temperature of water from 20 °C to 36

°C at a constant pressure of 1 atm will decrease its mass density from 0.9982 to
0.9937 g/cm3 and its absolute electron density from 3.3368 · 1023 to 3.3217 · 1023
electrons/cm3.

35

In both cases, this is a decrease of 0.5%. The densities of other

materials might change differently with increasing temperatures. Human fat, for
example, has a volumetric thermal expansion coefficient of (9.2 ± 1.3) · 10-4 °C-1 in

the range of 15 to 37 °C at a constant pressure of 1 atm, whereas the volumetric
thermal expansion coefficient of water ranges between 1.5 · 10-4 and 3.7 · 10-4

°C-1 in the same temperature interval at the same pressure.

34,36

This implies that

the density of human fat is even more sensitive to temperature changes than

water. In conclusion, substantial density differences might be observed between

ex vivo tissues (room temperature) and in vivo tissues (body temperature) when
no temperature correction is applied.

Several methods have been proposed for extracting elemental compositions from
DECT images. These methods are based on parameterization,
38,39
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or segmentation.

2,4

37,19

decomposition

The segmentation approach is most commonly used
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for dose calculations, but was not suitable for this study, since the voxels are
segmented into different tissue types with fixed elemental compositions that are

usually taken from the ICRU and ICRP reference data, instead of determining the

elemental compositions from the CT images. Moreover, it would not be possible
to assess the spread in tissue compositions using the segmentation approach.

The large size of the clouds in the DECT scatter plots in Figure 2 indicate that this

spread is substantial and that a theoretically perfect tissue segmentation in which
all voxels of a certain tissue are assigned to its mean or reference value is, in fact,
far from perfect. The decomposition approach is only feasible when the linear
attenuation coefficients of the components are sufficiently different, which is not
the case for the most common elements in the human body (H, C, N and O). For

these reasons, a parameterization approach was used in this study, which is also

not ideal because this approach depends on the reference data. Therefore, the
extracted tissue compositions cannot be compared completely independently to

the reference data. However, better methods to extract elemental compositions
from CT images are not available at this time.

The influence of tissue compositions on the absorbed radiation dose was
investigated by means of calculating the μen/ρ values for the Palladium-103

photon emission spectrum. This radioactive isotope has a very low energy photon
emission spectrum which allows for an evaluation of the “worst case scenario”.
μen/ρ differences ranging from -45.0% to +71.6% for soft tissues and from -72.7%

to +24.7% for bone tissues within only a single standard deviation away from the

mean tissue value can occur when using the reference tissue compositions in dose

calculations instead of the full range of extracted tissue compositions. Landry et
al reported that the difference in three different mean breast tissue compositions
adds ± 10% dose variation for breast cancer patients treated with Palladium-103
brachytherapy sources.

40

They also established that Palladium-103 doses, when

compared to Iodine-125 and Cesium-131 doses, are the most sensitive to variations
in tissue compositions due to the very low energy of the Palladium-103 photon
emission spectrum. Therefore, smaller differences are to be expected for other
radioactive isotopes and especially for megavoltage treatment/imaging beams.

As stated in ICRU report 62, a dose difference as small as 5% may lead to real

impairment or enhancement of tumor response, as well as to an alteration of the
risk of morbidity.

41

This implies that the discrepancy between the planned and

delivered radiation dose should never exceed 5%. The 5% value applies to the

complete radiotherapy chain, including the image acquisition, dose calculation and

beam delivery. All these separate parts have their own errors and uncertainties,

leaving not much room for errors in tissue compositions. For most of the investigated
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tissues, the 5% value is already exceeded solely based on the natural spread in
tissue composition. Given the large differences found in this study, it is imperative
that the spread in tissue compositions and densities is taken into account. DECT is
an important first step to investigate this spread and to account for differences in
tissue composition between individuals and within organs.
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Appendix
The image registration parameters that were used to register the 80 kVp and 140
kVp DECT images to the 120 kVp SECT images are listed in Table A1.
Table A1: Image registration parameters.
Parameter

Rigid registration

Deformable registration

EulerTransform

BSplineTransform

Transform
Registration

MultiResolutionRegistration

NumberOfResolutions

3

ImagePyramidSchedule

442221111

FixedImagePyramid

FixedRecursiveImagePyramid

MovingImagePyramid

MovingRecursiveImagePyramid

FinalGridSpacingInVoxels

N/A

10.0 10.0 10.0

GridSpacingSchedule

N/A

4.0 4.0 4.0 2.0 2.0 2.0 1.0 1.0 1.0

Interpolator

BSplineInterpolator

Metric

AdvancedMattesMutualInformation

ImageSampler

7

Random

Optimizer

AdaptiveStochasticGradientDescent

ResampleInterpolator

FinalBSplineInterpolator

Resampler

DefaultResampler

AutomaticScalesEstimation

true

N/A

AutomaticTransformInitialization

true

N/A

HowToCombineTransforms

Compose

Table A2 lists the fit parameters a, b and c that were found for the noise correction
fits.

Table A2: Fit parameters for noise correction fits.
Fit

a

b

c

Zeff (Plastic Water)

3.904

-0.996

0.175

Zeff (Bone 1.82 g/cm3)

0.753

-0.23

-0.172

ρe (Plastic Water)

0.316

-1.576

0.005

ρe (Bone 1.82 g/cm3)

0.061

-0.491

0.001
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General discussion and future perspectives

In this thesis, the use of preclinical and clinical dual energy CT (DECT) imaging is

investigated in the context of tissue segmentation for radiation dose calculations
in the field of radiotherapy. This chapter contains a general discussion of the

previous chapters and sheds light on a number of future perspectives regarding
the improvement of tissue segmentation.

Dual energy CT
Chapters 2 and 6 describe the quantitative DECT methodology that is used in this
thesis. In these chapters, the accuracy of the extracted effective atomic numbers

Zeff and the relative electron densities ρe are determined for two image-guided small

animal irradiators (preclinical DECT imaging, chapter 2) and for a twin-beam DECT
scanner and two dual-source DECT scanners (clinical DECT imaging, chapter 6).

A number of different factors can influence the Zeff and ρe accuracy. In general, the
Zeff and ρe accuracy increases with increasing spectral separation.

1

The low and

high energy x-ray spectra should therefore differ as much as possible. Overlapping
areas in the x-ray spectra do not provide additional information and should be
minimized. This can be achieved by increasing the difference in x-ray tube voltage
of the low and high energy acquisitions and/or by increasing the difference in

x-ray beam filtration between the low and high energy acquisitions. In chapter

2, no significant differences in Zeff and ρe errors were observed between the two
image-guided small animal irradiators from different manufacturers. This can be

explained by the fact that these systems have similar x-ray spectra and therefore

similar Zeff and ρe errors can be expected. The large spectral overlap for the twin-

beam DECT scanner that was assessed in chapter 6 explains the inferior results
that were found for this scanner in the quantitative DECT analysis. The two dual

source scanners have a better spectral separation and therefore better results
were found for these scanners.

Higher x-ray tube currents and/or longer exposure times can also increase the Zeff

and ρe accuracy by reducing noise in the low and high energy CT images. However,

this leads to higher imaging doses which is not desirable because of the potential
side effects of radiation exposure. Reducing the imaging dose is thus an important
objective in the field of radiology.

2

In the field of radiotherapy, however, patients

are irradiated with tens of Grays after acquiring the CT images. The imaging
dose (typically a few mGy) is only a very small fraction of the total dose, even

when doubling or tripling the imaging dose. Accurate radiotherapy treatments
require accurate CT images. If the x-ray tube currents and/or exposure times are
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too low, the organs at risk surrounding the tumor might even receive a higher

radiation dose in the end due to dose calculation errors caused by the inferior
CT image quality. However, an unrestricted increase in imaging dose without any
concern for potential side effects is also not an option. Due to the success of
cancer treatments, patients are already living for decades after the treatment.

During this time, long-term side effects including secondary treatment-related

cancers could develop. Animals are sacrificed as soon as the preclinical study is
finished, meaning that long-term side effects are irrelevant and imaging doses

can be higher. However, the imaging doses should always be as low as reasonably
achievable to ensure the welfare of the animal and to avoid compromising the
biological processes of interest.

3

All imaging artifacts that compromise the integrity of the extracted CT numbers
have a negative effect (large or small) on the accuracy of the extracted Zeff and

ρe values. These imaging artifacts can be divided into physics-based artifacts

and patient-based artifacts. Beam hardening artifacts and scatter artifacts are
examples of physics-based artifacts. The effects of beam hardening are more

pronounced for low energy x-ray spectra, which means that a beam hardening
correction is more relevant for preclinical DECT imaging than for clinical DECT

imaging. Scatter is mainly a concern for cone beam CT (CBCT) imaging. Clinical
CBCT images suffer more from scatter artifacts than preclinical CBCT images since
there is more tissue in the beam that can cause the incident photons to scatter.

For this reason, scatter corrections are more relevant for clinical dual energy
CBCT imaging than for preclinical dual energy CBCT imaging. Motion artifacts and
metal artifacts are examples of patient-based artifacts. In addition to the motion

artifacts that can be present in single energy CT (SECT) images, the dual-spiral
DECT modality allows for motion between the low and high energy acquisitions
which results in a misregistration of the low and high energy CT images. Since Zeff

and ρe are calculated in a voxelwise manner, a misregistration can lead to errors

in Zeff and ρe. To minimize these errors, an additional image registration is required

when analyzing dual-spiral DECT data. In general, CBCT images suffer more from

motion artifacts than fan beam CT images due to the longer acquisition times in

which the motion can occur. Metal artifacts are caused by the presence of metal
objects in the x-ray beam, such as dental fillings, hip implants and pacemakers.

The DECT technique allows for a better correction of metal artifacts than the SECT

technique since metal objects can be better distinguished from bone tissues.

Both metal objects and bone tissues have a high density, but metal objects
have a much higher Zeff than bone tissues. Many different techniques have been
proposed to correct artifacts in CT and/or CBCT images.

4–15

Correction techniques

that improve the accuracy of the extracted low and high energy CT numbers
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are expected to also improve the accuracy of the extracted Zeff and ρe values.

However, correction techniques could also introduce additional Zeff and ρe errors,

for example by overcorrecting. The magnitude of the effects that artifacts and
their correction techniques have on the extracted Zeff and ρe are not well known. A

first step to investigate the effects of beam hardening (chapters 2, 3, 6 and 7) and
beam hardening correction techniques (chapters 2 and 3) is taken in this thesis,
but future research is needed to investigate the effect of imaging artifacts on Zeff
and ρe.

Iterative reconstruction techniques
Chapter 3 demonstrates that there is a small benefit in using iterative
reconstruction techniques for preclinical DECT imaging, namely a slight increase

in Zeff and ρe accuracy and reduced noise in the (ρe,Zeff) space, which can lead

to improved tissue segmentation. However, iterative reconstructions require long

calculation times (ranging from 10 minutes to hours) that are not practical in a

preclinical environment, considering the fact that the animal is under anesthesia
during the entire process from image acquisition to dose delivery. Long anesthesia
times (>30 minutes) should be avoided since they can lead to death of the

animal. Since the animal cannot be moved during the entire process from image

acquisition to dose delivery, it is not possible to irradiate other animals during
this time, meaning that long reconstruction times can substantially slow down the

preclinical radiotherapy workflow. Reconstruction times are generally not an issue
in the clinical environment, since the patient is repositioned for the dose delivery

which usually takes place a few days after the image acquisition. Reconstruction

times can be reduced by switching from CPU (central processing unit) calculations
to GPU (graphics processing unit) calculations. The larger number of cores in GPUs

result in more parallel processing power that can be used to reconstruct more
projection data at the same time.

Tissue segmentation
Chapter 5 compares preclinical DECT imaging to preclinical SECT imaging in the
context of tissue segmentation for Monte Carlo dose calculations. The DECT tissue

segmentation technique is superior to the SECT tissue segmentation technique,
since it allows the selection of more tissues without introducing more noise to

the material map. Noise in material maps leads to noise in dose distributions.
Noisy dose distributions should be avoided as they make the delivered dose less
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certain and alter the shape of the dose volume histogram (DVH) and influence
its parameters. DVH parameters are variables in the cost function that is used to

optimize the radiotherapy treatment plan. Therefore, incorrect DVH parameters
have a negative effect on the quality of the radiotherapy treatment plan. In

the tissue segmentation process, a number is assigned to each voxel in the CT
image, which results in the material map. Each number corresponds to a tissue
(i.e. material) with fixed elemental compositions that are usually taken from the

ICRU and ICRP reference data or, in the case of phantoms, the reference data
provided by the phantom manufacturer. Increasing the number of tissues in the
material map improves the dose calculation accuracy. However, both the SECT
and DECT tissue segmentation techniques have a point at which adding more

materials becomes counterproductive due to the amount of noise in the material
map. The SECT tissue segmentation technique reaches this point sooner than the
DECT tissue segmentation technique.

ICRU and ICRP reference data
Chapters 4 and 7 calculate mass energy-absorption coefficients μen/ρ from murine

(chapter 4) and human (chapter 7) DECT images and compares these to μen/ρ values

that are calculated from the ICRU and ICRP reference data. Although the extracted
human Zeff values were closer to the reference Zeff values than the extracted murine
Zeff values, the extracted murine μen/ρ values were closer to the reference μen/ρ

values than the extracted human μen/ρ values. The smaller differences in the Zeff,

but larger differences in μen/ρ for the human tissues can be explained by the fact

that the Palladium-103 photon emission spectrum has a lower mean energy (18.9
keV; 20.7 keV after discarding the 2.7 keV line) than the 225 kVp photon spectrum

(86.1 keV). Since photoelectric absorption is more dominant for lower photon
energies, differences in elemental tissue compositions have a larger impact on

μen/ρ and thus on the absorbed radiation dose when irradiating with lower photon

energies.

Since the original tissue experiments from the 1950’s, spectroscopy techniques
have greatly improved.

16

This provides the possibility to update and expand the

human reference data and include animal reference data for preclinical studies.
However, a complete overview would require extensive tissue catalogs for

different sexes and ages, including different species and strains for preclinical

studies, which is simply not feasible. Even if the spread between individuals could
be taken into account using the tissue catalog approach, the spread within tissues
would still not be accounted for. This is a problem, because the spread within

180

General discussion and future perspectives

tissues is much larger than the spread between individuals as shown in chapters

4 and 7. Organs are heterogeneous tissues (brain: white and grey matter, kidney:

medulla and cortex, etc.) and it is unrealistic to represent an entire tissue by its

mean value. Generic tissue values do not exist and therefore the tissue catalog
approach is unsuitable. Furthermore, the tissue catalog approach would require

spectroscopic analyses of ex vivo tissue samples, which might be different from in
vivo tissues due to dehydration etc.

The preferred approach would be to extract the elemental composition for each
voxel in the CT image instead of segmenting the CT image into a number of tissues

that have fixed elemental compositions taken from the ICRU and ICRP reference

data. The preferred approach would be based on in vivo tissues and would account
for the spread between individuals and the spread within tissues. However, the

current methods to extract elemental compositions from DECT data are not
accurate enough to do so in a voxelwise manner, since this would introduce too
much noise to the calculated dose distributions.

Preclinical studies
Despite the improvements in preclinical cancer models and preclinical irradiation

techniques, differences between the preclinical and clinical environments remain
that might invalidate conclusions drawn from preclinical studies.
been illustrated by Hackam and Redelmeier,

21

17–20

This has

who reviewed 76 preclinical studies

that investigated a preventive or therapeutic intervention in an in vivo animal
model. 28 studies (37%) were replicated in human randomized trials, 14 studies

(18%) were contradicted by human randomized trials and 34 studies (45%) remain

untested. In the case of radiotherapy, a poor translation of preclinical studies into
clinical trials could be related to differences between the preclinical and clinical
irradiation techniques. The kilovoltage beams that are used in the preclinical
environment are known to have a higher relative biological effectiveness (RBE)
than the megavoltage beams that are used in the clinical environment.

22

In the

preclinical environment, radiation doses are delivered with a higher and more
constant dose rate than in the clinical environment. In most preclinical studies, the

highest possible dose rate is chosen to minimize the irradiation time. For imageguided small animal irradiators, the highest possible dose rate is approximately
2-4 Gy/min, depending on the depth of the tumor and the size of the collimator.
23,24

In the clinical environment, dose rates are not constant but modulated. The

volumetric modulated arc therapy (VMAT) technique delivers up to 75% of the

dose to the tumor with a dose rate <1 Gy/min. 25 Radiobiological experiments have
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shown that these differences in dose rate result in differences in the fraction of
cells that is killed by a given dose.

26,27

Another difference between the preclinical

and clinical environments that might affect the treatment result is the number
of treatment fractions.

28

In the clinical environment, the prescribed radiation

dose is divided over a number of treatment fractions to spare the organs at risk
surrounding the tumor. In the preclinical environment, however, the prescribed
radiation dose is often delivered in a single treatment fraction or very few
treatment fractions. The preclinical and clinical irradiation techniques also use

different tumor margins. Irradiating a larger area around the tumor can have a
positive effect on the treatment result by enhancing tumor control due the fact

that more possibly malignant cells are killed. It can also have a negative effect

on the treatment result by inducing more side effects. To improve the translation
of preclinical studies into clinical trials, clinical treatment conditions should be

replicated as accurately and faithfully as possible. Moving from SECT imaging to

DECT imaging is an important step in improving tissue segmentation and dose
calculation accuracy for preclinical studies.

Future perspectives
This thesis shows that DECT imaging provides additional information that can

improve tissue segmentation for both preclinical and clinical radiotherapy. The
next step in multi energy CT imaging is spectral CT imaging, which requires a new

type of x-ray detectors called photon counting detectors, that can resolve the
energy of incident photons.

29,30

The current x-ray detectors integrate the signal

over the entire spectrum which results in a single intensity value. Photon counting
detectors generate an electric signal pulse for each incident photon. These pulses
can be counted digitally and their associated clouds of free electric charge can
be correlated to the energy of the incident photon. The detected counts can be

stored in energy bins that form a histogram (i.e. spectrum) of the incident photon
energies instead of a single intensity value. The additional spectral information
is expected to further improve material decomposition.

31

Another advantage of

these photon counting detectors is a strong reduction of electronic background
noise due to the detector’s integer counting nature. The most important limitation

in the current generation of photon counting detectors is that they can only handle

very low imaging dose rates. With higher imaging dose rates, the number of

incident photons per second (i.e. the number of electric signal pulses per second)
increases. When these pulses can not be processed fast enough, this can lead to a

so-called pulse pile-up that compromises further readout of the detector. The low
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imaging dose rates can be compensated by longer acquisition times. However,
longer acquisition times increase the risk of motion artifacts.

In the treatment planning process, contours are drawn around the tumor and the
surrounding organs at risk to define their positions and borders and to allow an

assessment of the planned dose distributions in the tumor and the surrounding
organs at risk. In the current preclinical and clinical practice, these contours are

drawn manually. However, fully automatic contouring algorithms keep improving

and are expected to be implemented in both the preclinical and clinical radiotherapy
workflows.

32,33

These contours provide additional information that can be used to

extract the elemental compositions. For example, voxels in the contoured volume
labeled as thyroid are likely to have iodine in their elemental composition.

Moving forward from the SECT technique to the DECT technique to the spectral
CT technique, an increasing amount of information becomes available for each
voxel: low and high energy CT numbers, Zeff and ρe values, a range of pseudo-

monoenergetic CT numbers, spectral information, contour information etc.

Combining this information could improve the extraction of elemental compositions.
However, a physics-based approach that combines all these variables would be
extremely complicated. A deep learning approach could potentially provide a
solution to this problem.

8
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In this thesis, the use of preclinical and clinical dual energy CT imaging is

investigated in the context of tissue segmentation for radiation dose calculations
in the field of radiotherapy. The aim of radiotherapy is to kill tumor cells using
ionizing radiation. During the radiotherapy treatment, a large amount of energy is

deposited in the tumor. This causes DNA strands in the tumor cells to break and
destroys the cells’ ability to divide and grow, which effectively kills the tumor.

The energy deposition for certain kinds of radiation beams depends strongly on

the atomic number Z of the elements in the tissue and therefore the elemental
tissue compositions need to be taken into account when performing radiation

dose calculations. Currently, the elemental tissue compositions in these dose
calculations are taken from the reference data for human tissue compositions

and mass densities, listed in several reports by the International Commission on
Radiation Units and Measurements (ICRU) and the International Commission on

Radiological Protection (ICRP). Instead of relying on the reference data, it would
be preferable to extract information about the elemental composition of the

tissues from CT images of the patient which are used in the treatment planning
process. This information, in contrast to density information, cannot be obtained
from conventional single energy CT (SECT) images. A new technique is required.

When combining two CT images that are acquired with different x-ray spectra, it
is possible to extract additional information from these images. This technique is
called dual energy CT (DECT).

Chapter 1 is the introduction of this thesis, in which the importance of tissue

segmentation and the role of DECT in the tissue segmentation process are
discussed.

Chapters 2, 3, 4 and 5 focus on preclinical DECT imaging. The feasibility of
quantitative DECT imaging for preclinical irradiators with an integrated cone beam
CT (CBCT) system is described in chapter 2. To obtain the best results, optimizing

the imaging protocols is required. Well-separated x-ray spectra and a sufficient
dose level should be used to minimize errors and noise.

The effect of different image reconstruction techniques on quantitative DECT
imaging is analyzed in chapter 3. Phantom images are reconstructed with different

image reconstruction techniques and a quantitative DECT analysis is performed
on these images to determine if there is any benefit in choosing an iterative

reconstruction technique instead of the conventional backprojection reconstruction
technique. In this chapter, it is concluded that iterative image reconstruction can

be beneficial, but the benefit is small and calculation times may be unacceptable
with current technology.
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The implications of using human tissue compositions for radiation dose calculations
in mice are investigated in chapter 4. In this study, the previously introduced DECT

technique is used to extract tissue data from mice and these data are compared
to the ICRU and ICRP reference data. Overall, a good agreement between the

(extracted) murine data and the (reference) human data is found and therefore

the ICRU and ICRP reference data can be used for radiation dose calculations in
mice. However, a large spread in tissue compositions and tissue densities is found
that cannot be taken into account when using the ICRU and ICRP reference data.

The feasibility of using preclinical DECT images for tissue segmentation and its

potential dose calculation accuracy gain are considered in chapter 5. Both SECT
and DECT tissue segmentation techniques are performed on CT images of a

phantom and an ex vivo mouse. In this chapter, it is concluded that DECT tissue

segmentation is superior to SECT tissue segmentation and that this results in a
higher radiation dose calculation accuracy.

Moving from the preclinical environment to the clinical environment, chapters
6 and 7 focus on clinical DECT imaging. A novel twin-beam DECT scanner is

assessed in chapter 6. At the time, this scanner was being considered for purchase
by the clinic. Since quantitative DECT data was not yet available for this scanner,
measurements were performed using a prototype in the Siemens factory in

Forchheim, Germany. A phantom study compares extracted values between the

twin-beam DECT scanner and two dual-source DECT scanners. The dual-source
DECT scanners are found to be superior to the twin-beam DECT scanner, mainly
due to a better spectral separation.

The well-established ICRU and ICRP reference data for elemental tissue compositions
and tissue densities are reevaluated in chapter 7. The first DECT images that

were acquired using the clinic’s new dual-spiral DECT scanner are used to extract

tissue data from cancer patients and these data are compared to the ICRU and
ICRP reference data. Overall, a good agreement is found, but more importantly,

also a large spread in tissue compositions and tissue densities. It is imperative
that this spread is taken into account in radiation dose calculations. DECT is an

important first step to investigate this spread and to account for differences in
tissue composition between individuals and within organs.

Chapter 8 contains a general discussion of the previous chapters and sheds
light on a number of future perspectives regarding the improvement of tissue
segmentation.
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In deze thesis wordt het gebruik van preklinische en klinische dual energy

CT beeldvorming onderzocht in de context van weefselsegmentatie voor

stalingsdosisberekeningen in de radiotherapie. Het doel van radiotherapie is
het uitschakelen van tumorcellen met behulp van ioniserende straling. Tijdens

de radiotherapiebehandeling wordt een grote hoeveelheid energie in de tumor
achtergelaten. Dit zorgt ervoor dat DNA strengen in de tumorcellen breken en

dat deze cellen de mogelijkheid verliezen om te delen en te groeien, hetgeen
de tumor op een effectieve manier uitschakelt. De energieafgifte voor bepaalde

soorten stralingsbundels hangt sterk van het atoomgetal Z van de elementen in
het weefsel en daarom dient rekening te worden gehouden met de elementaire

weefselsamenstelling bij het uitvoeren van stralingsdosisberekeningen. Op dit

moment worden de elementaire weefselsamenstellingen in deze dosisberekeningen
overgenomen

van

de

referentiedata

voor

weefselsamenstellingen

en

weefseldichtheden die staan genoteerd in verschillende rapporten van de
International Commission on Radiation Units and Measurements (ICRU) en de
International Commission on Radiological Protection (ICRP). In plaats van te

vertrouwen op de referentiedata, zou het de voorkeur hebben om informatie over

de elementaire weefselsamenstellingen te verkrijgen uit CT beelden van de patient

die worden gebruikt bij het maken van het bestralingsplan. Deze informatie, in
tegenstelling tot informatie over de dichtheid, kan niet worden verkregen uit

conventionele single energy CT (SECT) beelden. Dit vereist een nieuwe techniek.
Wanneer twee CT beelden die met verschillende Röntgenspectra zijn verkregen

worden gecombineerd, is het mogelijk om meer informatie uit deze beelden te
halen. Deze techniek wordt dual energy CT (DECT) genoemd.
Hoofdstuk

1

is

de

inleiding

van

deze

thesis,

waarin

het

belang

van

weefselsegmentatie en de rol van DECT in het weefselsegmentatieproces wordt
besproken.

Hoofdstukken 2, 3, 4 en 5 concentreren zich op preklinische DECT beeldvorming.
De haalbaarheid van kwantitatieve DECT beeldvorming voor preklinische
bestralers met een geïntegreerd cone beam CT (CBCT) systeem wordt beschreven

in hoofdstuk 2. Om de beste resultaten te verkrijgen is optimalisatie van de
beeldvormingsprotocollen vereist. Een goede scheiding van de Röntgenspectra en

een voldoende beeldvormingsdosis dienen te worden gebruikt om fouten en ruis
te minimaliseren.

Het effect van verschillende beeldreconstructietechnieken op kwantitatieve
DECT beeldvorming wordt geanalyseerd in hoofdstuk 3. Fantoombeelden
worden gereconstrueerd met verschillende beeldreconstructietechnieken en een
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kwantitatieve DECT analyse wordt uitgevoerd op deze beelden om te bepalen
of er een voordeel is in het verkiezen van een iteratieve reconstructietechniek

boven de conventionele gefilterde terugprojectie techniek. In dit hoofdstuk wordt

geconcludeerd dat iteratieve beeldreconstructie voordelig kan zijn, maar het
voordeel is klein en berekeningstijden kunnen mogelijk onacceptabel zijn met de
huidige technologie.

De implicaties van het gebruik van humane weefselsamenstellingen voor

stralingsdosisberekeningen in muizen worden onderzocht in hoofdstuk 4. In
deze studie wordt de eerder geïntroduceerde DECT techniek gebruikt om

weefseldata te verkrijgen van muizen en deze data worden vergeleken met

de ICRU en ICRP referentiedata. Over het algemeen wordt er een goede

overeenkomst tussen de (verkregen) muizen data en de (referentie) humane
data geconstateerd en daarom kunnen de ICRU en ICRP referentiedata worden

gebruikt voor stralingsdosisberekeningen in muizen. Echter, een grote spreiding
in weefselsamenstellingen en weefseldichtheden wordt geconstateerd waar geen
rekening mee kan worden gehouden wanneer de ICRU en ICRP referentiedata
worden gebruikt.

De haalbaarheid van het gebruik van preklinische DECT beelden voor
weefselsegmentatie en de mogelijke verbetering van de nauwkeurigheid van

stralingsdosisberekeningen worden overwogen in hoofdstuk 5. Zowel SECT als
DECT weefselsegmentatietechnieken worden uitgevoerd op CT beelden van een
fantoom en een ex vivo muis. In dit hoofdstuk wordt geconcludeerd dat DECT

weefselsegmentatie beter is dan SECT weefselsegmentatie en dat dit resulteert in
een grotere nauwkeurigheid van stralingsdosisberekeningen.

Van de preklinische omgeving wordt overgegaan naar de klinische omgeving;
hoofdstukken 6 en 7 concentreren zich op klinische DECT beeldvorming. Een

nieuwe twin-beam DECT scanner wordt beoordeeld in hoofdstuk 6. Destijds
overwoog de kliniek om deze scanner te kopen. Aangezien kwantitatieve DECT

data nog niet beschikbaar waren voor deze scanner, zijn metingen uitgevoerd met

een prototype in de Siemens fabriek in Forchheim, Duitsland. Een fantoomstudie
vergelijkt de verkregen waarden van de twin-beam DECT scanner met die van
twee dual-source DECT scanners. Er wordt geconstateerd dat de dual-source DECT
scanners beter zijn dan de twin-beam DECT scanner, voornamelijk vanwege een
betere spectrale scheiding.

De gevestigde ICRU en ICRP referentiedata voor elementaire weefselsamenstellingen

en weefseldichtheden worden gereëvalueerd in hoofdstuk 7. De eerste DECT
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beelden die zijn verkregen met de klinieks nieuwe dual-spiral DECT scanner
worden gebruikt om weefseldata te verkrijgen van kankerpatiënten en deze data
worden vergeleken met de ICRU en ICRP referentiedata. Over het algemeen wordt
er goede overeenkomst geconstateerd, maar van groter belang, ook een grote

spreiding in weefselsamenstellingen en weefseldichteden. Het is noodzakelijk dat

met deze spreiding rekening wordt gehouden in stralingsdosisberekeningen. DECT

is een belangrijke eerste stap om deze spreiding te onderzoeken en om rekening
te houden met verschillen in weefselsamenstellingen tussen individuen en binnen
organen.

Hoofdstuk 8 bevat een algemene discussie van de voorafgaande hoofdstukken
en werpt een blik op een aantal nieuwe mogelijkheden met betrekking tot de
verbetering van weefselsegmentatie.
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In this thesis, the use of preclinical and clinical dual energy CT (DECT) imaging is

investigated in the context of tissue segmentation for radiation dose calculations
in the field of radiotherapy. It is shown that DECT imaging is a useful tool for
analyzing tissues and that DECT tissue segmentation can increase the accuracy of

radiation dose calculations. This chapter discusses the clinical relevance of these
findings and contains an implementation overview.

Clinical relevance
In the Netherlands, more than 100 thousand patients are diagnosed with cancer
each year.

1

About 32% of these patients receive radiotherapy as (a part of) the

primary treatment. 2 Like any other treatment, radiotherapy can cause side effects.

General radiotherapy side effects are local skin problems, fatigue and secondary

cancer development. In addition to these general side effects, irradiation of
specific treatment sites can cause a number of other side effects.

3

Irradiation

of the head and/or neck can cause a dry mouth, mouth and gum sores, difficulty
swallowing, stiffness in the jaw, nausea, hair loss, lymphedema and tooth decay.
Side effects of irradiating the chest are difficulty swallowing, shortness of breath,

breast or nipple soreness, shoulder stiffness, pneumonitis and fibrosis. Irradiation
of the stomach and/or abdomen can cause nausea, vomiting and diarrhea. Side

effects of irradiating the pelvis are diarrhea, rectal bleeding, incontinence, bladder

irritation, sexual problems and infertility. It is important to reduce these side
effects to improve the quality of life after radiotherapy. A more precise irradiation

can reduce radiotherapy side effects by sparing the healthy tissues surrounding
the tumor. Improving the accuracy of radiation dose calculations is a crucial step
in this process.

The patients that would benefit most from DECT tissue segmentation are the

brachytherapy and proton therapy patients. Patients that are treated with
megavoltage photon beams would benefit only slightly from DECT tissue

segmentation due to the fact that the difference in energy deposition for tissues in

megavoltage beams is negligible. Patients also benefit indirectly from preclinical
DECT tissue segmentation since more precise preclinical irradiations can improve
the quality of preclinical studies.
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Implementation overview
As discussed in this thesis, both preclinical and clinical radiotherapy can benefit
from DECT tissue segmentation. Unfortunately, the current (pre)clinical treatment

planning systems are not (yet) able to handle DECT images. A number of steps

are required to use DECT images for tissue segmentation in the (pre)clinical
radiotherapy workflow. Each step requires thorough testing and periodical quality
assurance.

Step 1: Image registration of the low and high energy CT images
This step is only relevant for the dual-spiral DECT modality in which motion
between the two acquisitions could cause a misregistration of the low and high

energy CT images. The open source software Elastix/Transformix was used in this
thesis to perform the image registration.

4

Step 2: Convert low and high energy CT numbers to Zeff and ρe
In this thesis, an in-house developed MATLAB toolbox that applies the Landry
et al and Saito methods was used to calculate Zeff and ρe, respectively.

5,6

These

methods require a separate calibration scan of a phantom with known elemental

compositions and densities. The phantom should be scanned using the same
(pre)clinical imaging protocols and should have the same size as the patient or
specimen.

Preferably, steps 1 and 2 would be modules that are integrated into either the (CB)
CT scanner software or the (pre)clinical treatment planning system.

Step 3: Choose reference materials and perform tissue segmentation
The tissue segmentation is performed by calculating the distances between a

voxel value and a number of reference tissues (i.e. materials) and subsequently

assigning the elemental composition of the closest reference tissue to that voxel.

In the case of DECT tissue segmentation, this distance is the Mahalanobis distance
in the (ρe,Zeff) space. An in-house developed MATLAB toolbox was used in this

thesis to perform the DECT tissue segmentation. Alternatively, it is possible to
extract elemental tissue compositions from DECT images using the Hünemohr
et al method.

7

However, this method introduces a large amount of noise and is

in practice only suitable for calculating means and standard deviations for larger
regions, such as an organ.
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Step 4: Perform dose calculations and optimize treatment plan
The dose calculation engine should be able to handle voxels with different

elemental compositions. The Monte Carlo method is intrinsically capable of doing
this. However, most superposition-convolution methods are not (or have limited
capabilities). The radiotherapy treatment plan optimization requires no specific
changes.

Preferably, steps 3 and 4 would be modules that are integrated into the (pre)
clinical treatment planning system.
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