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ABSTRACT

Newly developed spectral CTs with a photon-counting and energy-selective detector provide the possibility to
obtain additional information about an object’s absorption properties, the footprint of which can be found in
the energy spectrum of the detected photons. These new CT systems are capable of yielding valuable insight
into the elemental composition of the tissue and open up the way for new CT contrast agents by detecting
element-specific K-edge patterns. Gold could be a promising new CT contrast agent. The major goal of this
study is to determine the minimum amount of gold that is needed to use it as a spectral CT contrast agent for
medical imaging in humans. To reach this goal, Monte Carlo simulations with EGSnrc were performed.

The energy-selective detector, on which this study is based, has 6 energy bins and the energy thresholds can
be selected freely. First different energy thresholds were analyzed to determine the best energy thresholds with
respect to detecting gold. The K-edge imaging algorithm was then applied to the simulation results with these
energy bins. The reconstructed images were evaluated with respect to signal-to-noise ratio, contrast-to-noise
ratio and contrast.

The K-edge imaging algorithm is able to convert the information in the six energy bins into three images, which
correspond to the photoelectric effect, Compton scattering and gold content; however, it requires very long
computing time. The simulations indicate that at least 0.2w% of gold are required to use it as a CT contrast
agent in humans.
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1. INTRODUCTION

Computed tomography (CT) is a common and widespread diagnostic tool in medical imaging. A normal X-ray
source provides a polychromatic spectrum, but the standard charge-integrating CT detector just absorbs the
incident photons and converts the number of photons to a single intensity value. This contributes to the problem
that CT is not always able to distinguish between different materials. For example calcified cortical bone and
tissue with a high amount of iodine contrast agent may have similar attenuation values. A possible solution for
this problem would be the use of energy-resolving detectors.! Newly developed spectral CTs (e.g. by Philips
Healthcare, Hamburg, Germany) with a photon-counting and energy-selective detector provide the possibility to
obtain additional information, which is graved in the energy spectrum of the transmitted photons. The new CT
system is capable of yielding valuable insight into the elemental composition of the tissue and it opens up the
way for new CT contrast agents by detecting element-specific K-edge patterns.! The energy-selective detector
developed by Philips has 6 energy bins; the energy thresholds can be selected freely and have a big impact on
the results (figure 1).

Gold could be a promising new CT contrast agent that can be easily coupled with biological targeting molecules
(e.g. tumor-specific antibodies). By this coupling targeted tumor imaging should be possible. Furthermore the
K-edge of gold is at 80.7keV, which lies well inside the diagnostic energy range.
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The major goal of this study is to determine the minimum amount of gold required to use it as a spectral CT
contrast agent for medical imaging in humans. At the outset of the investigation different energy thresholds for
the bins of the energy-selective detector were analyzed to determine the best energy thresholds with respect to
the detection of gold. The K-edge imaging algorithm was then applied to the simulation results.
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Figure 1. Philips prototype small animal spectral CT (left) and polychromatic X-ray spectrum (120kV) with 6 energy
bins (right).

2. MONTE CARLO SIMULATIONS
2.1 Simulations with EGSnrc

Spectral CT images were simulated with the Monte Carlo simulation code EGSnrc, which simulates the coupled
transport of electrons and photons. Transport of charged particles is simulated with the condensed history
technique. Cross sections for the photoelectric effect, Rayleigh scattering and pair production are in agreement
with the XCOM/NIST database. For the imaging simulations the cutoff energy for photons was 1 keV and for
electrons 60 keV. The particles energy is locally deposited, if it is below the cutoff energy.

Two different voxel phantoms were used for the simulations. The purpose of the first voxel phantom was to
determine the minimum amount of gold that is needed to use it as a CT contrast agent in humans and to
investigate the influence of different sizes of region of interests (ROI).

The diameter of the simple voxel phantom is 30 cm and it consists of simulated liver parenchym (p = 1.06g/cm?)
and five sets of four of metastases (p = 1.02g/cm?). The metastases have a size of 1.4x1.4 cm?, 1.05%1.05 cm?,
0.7x0.7 cm? and 0.35x0.35 cm?. For each set of metastases a different amount of gold (0.7w%, 0.4w%, 0.3w%,
0.2w% and 0.1w%) is added to the metastases (figure 2(a)).

The results from the simple voxel phantom are then used for the human voxel phantom, which is based on CT
data of a real female.? The purpose of this second phantom is to investigate the effect of gold as a contrast agent
in small tumors or metastases in the liver. The three metastases are implemented in the voxel phantom and have
a size of 1.24x1.24 cm?, 0.88x0.88 cm? and 0.35x0.35 cm?. The chemical composition of the organs is based on
the ICRU report 44.3 The CT slice used for the simulations is shown in figure 2(b). For all simulations, the focus
detector distance (FDD) is 104 cm and the focus object distance (FOD) is 57 cm. 1160 views are performed
and the number of histories per view is 10°. The slice thickness is 1.6 mm. For the simple voxel phantom the
detector has 580 detector elements, each with a size of 1.5 mm. For the human voxel phantom the detector has
640 detector elements, each with a size of 1.6 mm. An ideal detector is implemented, i.e. all incident photons
are detected, the count rate is unlimited and the energy resolution is perfect.

2.2 Optimizing the bin thresholds

The bins just below the K-edge of gold and just above the K-edge are very important for the efficient detection
of gold. The incoming photons are stored in arrays corresponding to the photon energy (in steps of 1keV). To
analyze the effect of different bin sizes above and below the K-edge of gold, the array elements are summed up
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Figure 2. Voxel phantoms used for the Monte Carlo simulations

and the CT images are then reconstructed. To investigate to optimal width of the two energy bins just below
and above the K-edge of gold, the signal-difference-to-noise ratio (SDNR) criterion is used:*

SDNR, = ﬁCTabove — ﬁCTbelow (1)

2 2
\/OCTabove + 0 CThbelow

With Zemapove 814 Harhelow Peing the average linear attenuation coefficient and 0@, ove a0d 08mpeow describe
the variance in the ROI in the reconstructed CT images in the bin above and below the K-edge. Equation 1
needs to be maximized under the constrained

l_j‘XCOMabove > l_'LXCOMbelow (2)

IxCOMabove A TixcoMbelow aL€ the linear attenuation coefficients (calculated with XCOM) in the bin below
and above the K-edge of gold.

2.3 K-edge decomposition algorithm

The basic idea of the K-edge decomposition algorithm is to calculate the fractional contribution to the total
attenuation of the photoelectric effect, Compton scattering and the high-Z material (in our case gold).

Since the contribution of various physical processes to the photon absorption is energy dependent, their pro-
portions to the reconstructed image (i.e. the absorption coefficients p) are different in each energy bin. By a
decomposition technique, also called K-edge imaging,>% this energy dependent attenuation information is ex-
ploited. For the present study, the attenuation is assumed to be composed of the cross sections of the photoelectric
effect, Compton scattering and a term, which corresponds to gold, thus

/-’L(Ev f) = aphoto(f)% + acompton(f)fKN <E£> + agold(f)fgold(E) (3)

where FE is the energy, F, ~ 511keV is the rest mass energy of the electron and the space dependence of the
attenuation is described by Z. fkn describes the Compton cross section and is represented by the Klein-Nishina
function and fee1q is the energy dependent mass attenuation coefficient of gold. The decomposition algorithm
solves for the unknown coefficients aphoto; Gcompton and agold, With agolq being the density of gold in the tissue.
Compton scattering is independent of the atomic number Z of the material, the Compton image will therefore
provide low contrast information, i.e., it is more sensitive to soft tissue contrast. The photoelectric absorption
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is proportional to Z*, and thus the photoelectric image will mainly provide information about materials with
a high atomic number (except the contrast agent, since that information is in the third parameter agolq), €.g.
bones.

The evaluation of the image quality is done with respect to the signal-to-noise ratio (SNR), the contrast-to-noise
ratio (CNR) and the contrast in the reconstructed images. A bilateral filter algorithms, implemented by O.
Tischenko (private communication), is applied to further enhance the images and suppress noise. The SNR is
defined as the ratio of the mean value in the region of interest fipo; and the standard deviation /031"

SNRer = (4)

The CNR takes into account the signal and noise features of the reconstructed images. The CNR is defined as
the ratio of the contrast between the ROI fizo; and the background Jigz and the noise.”

CNR = [firor — Fg]

(5)
Voot 05

where 0, 0% are the variances respectively.

The contrast is defined as® . _
_ [fror = gl
Hror t+ Hp

3. RESULTS AND DISCUSSION

As a first step the optimal bin thresholds for the bin below and above the K-edge of gold were calculated with
respect to the SDNR. The results, i.e. the bins with the maximum SDNR, are summarized in tables 1, 2 and 3.

Table 1. Comparison of the SDNR for the simple voxel phantom.

0.7w% Gold | 0.4w% Gold | 0.3w% Gold | 0.2w% Gold | 0.1w% Gold
below K-edge | [74,81) keV | [73,81) keV | [77,81) keV | [77,81) keV | [78,81) keV
above K-edge | [81,84) keV | [81,86) keV | [81,86) keV | [81,85) keV | [81,83) keV
SDNR 2.2303 1.7582 1.4776 0.98676 0.39692

Table 2. Comparison of the SDNR for the human voxel phantom with 0.3w% gold.

big metastasis

middle metastasis

small metastasis

below K-edge | [75,81) keV [77,81) keV [75,81) keV
above K-edge | [81,86) keV [81,86) keV [81,85) keV
SDNR 1.1726 1.7384 1.6755

Table 3. Comparison of the SDNR for the human voxel phantom with 0.2w% gold.

For the following investigations the bin thresholds below the K-edge were set to [75,81) keV and the bin thresholds

big metastasis | middle metastasis | small metastasis
below K-edge [75,81) keV [77,81) keV [75,81) keV
above K-edge | [81,86) keV [81,86) keV [81,85) keV
SDNR 0.66802 1.0751 1.0198

above the K-edge were set to [81,86) keV. The intensity of the X-ray spectrum above 86 keV is low, that means
only a small number of photons is generated. In order to produce as little as possible noise in this bin, the bin
thresholds were set to [86,120] keV. For the remaining three bins the intensity I(FE,n) = Io(E) exp(—pBone (E)n)
was calculated for different bin thresholds. It was assumed that X-rays are traveling a constant distance =30 cm.
The linear attenuation coefficient ppone(E) was calculated with XCOM. The goal was to have a high difference
in these intensities for each of the three bins. The first bin was set to [25,47) keV, as I(FE,n) is almost equal to
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zero, if the upper threshold is below 47 keV. The bin thresholds for the third bin were set to [60,75) keV, due to
the fact, that I(E,n) has a maximum for these bin thresholds. The thresholds for the remaining second bin were
[47,60) keV. (These new bin thresholds are referred to as optimized bin thresholds). As a reference the energy
thresholds introduced by Cormode et al.” were used: [25,34), [34,51), [51,80), [80,91), [91,110) and [110,120] keV
(referred to as non-optimized bin thresholds). It was stated that these energy thresholds, provided the highest
sensitivity with regard to simultaneous imaging of iodine and gold. The energy thresholds for the non-optimized
and optimized case are shown in figure 3.
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Figure 3. Mass attenuation curve of 0.2w% gold with the different bin thresholds for the optimized and non-optimized
case.

The different performance results of the K-edge decomposition algorithm are shown in figure 4. The K-edge
decomposition algorithm performs much better for the optimized bin thresholds than for the non-optimized bin
thresholds. In the Compton effect images (figure 4(b) and (f)) the metastases with 0.7w%, 0.4w% and 0.3w%
gold are still visible, the metastases with 0.2w% and 0.1w% gold are not visible. The K-edge decomposition
algorithm seems to overestimate the compton effect. The positive contributions from 0.7w%, 0.4w% and 0.3w%
gold in the compton effect image lead to the assumption that the K-edge decomposition does not work optimally
for higher gold amounts. In the photoelectric image (figure 4(e)) gold is clearly removed and there are “holes”
in the image. The strong noise in the photoelectric images is partly due to the absence of materials with a high
atomic number. The probability of the photo effect at the used energies is therefore very low leading to high
noise. The gold images (figure 4(c) and (g)) are very noisy. The minimal amount of gold which is clearly visible
in the simple voxel phantom (optimized bin thresholds) is 0.2w%. For the metastases with 0.1w% gold a clear
distinction between signal and noise is not possible. For 0.3, 0.4 and 0.7w% even the smallest metastases are
clearly identifiable. These simulations indicate that at least 0.2w% gold are needed to use it as a CT contrast
agent in humans. Even the small metastases with a size below 1 cm? can be detected. For the human voxel
phantom only the results for the optimized bin thresholds are shown. The results of the K-edge decomposition
algorithm for the human voxel phantom with 0.3w% and 0.2w% gold are shown in figure 5. The photoelectric
images (figure 5(a) and (e)) mainly show bones. The Compton scattering images (figure 5(b) and (f)) provide
good soft tissue contrast. As expected, no gold is visible in the photoelectric and Compton scattering images.
All three metastases with 0.3w% are clearly recognizable in the unfiltered and the filtered images (figure 5(c)
and (d)). For the metastases with 0.2w% gold it is harder to distinguish between noise and signal in the gold
image (figure 5(g) and (h)). Nevertheless, all three metastases are still identifiable.

The SNR and the CNR of the filtered images is significantly higher than for the unfiltered images for all simula-
tions. For the simple voxel phantom the contrast slightly increases after filtering the image, but for the human
voxel phantom the contrast slightly decreases after filtering (table 4). The high noise level in the gold images
induce significantly smaller SNR, CNR in the gold images than for the standard CT image with an energy-
integrating detector. However the contrast is much higher in the gold images compared to the standard CT
image.

The numerical values in the gold images should represent the fractional weight of gold in the tissue. The values
are summarized in table 5. Without any processing of the gold images the algorithm overestimates the amount
of gold by a factor of around 1.5 for the 0.7w% gold up to a factor of 2.75 (simple voxel phantom) and 2.45
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Figure 4. Results of the K-edge decomposition algorithm for the simple voxel phantom for the non-optimized and optimized
bin thresholds.

(human voxel phantom) for 0.2w% gold. The smaller the amount of gold, the higher is the overestimation. As
can be seen in the gold images (figure 4(g), 5(c) and (g)) the noise in the region without gold is high, i.e., the
numerical background values are not equal to zero. Subtraction of the mean numerical background value yield
the values in the last row of table 5. These values are close to the implemented fractional weights of gold.

Table 4. Performance results of the K-edge decomposition algorithm for the unfiltered and filtered optimized gold images.
As comparison the SNR, CNR and contrast for the standard CT image with an energy-integrating detector is given.

simple voxel human voxel human voxel
phantom phantom, 0.3w% gold | phantom, 0.2w% gold
SNR | CNR C SNR | CNR C SNR | CNR C
unfiltered 3.824 | 1.816 | 0.4543 | 2.806 | 1.195 | 0.4255 | 2.757 | 0.7939 | 0.2889
filtered 7.023 | 3.658 | 0.4911 | 8.176 | 3.643 | 0.4161 | 8.431 | 2.5431 | 0.2781
energy-integrating | 75.13 | 5.009 | 0.0574 | 91.30 | 5.049 | 0.0366 | 93.02 | 2.5710 | 0.0181
detector

Table 5. Implemented and calculated amounts of gold for the K-edge decomposition algorithm.
human voxel

simple voxel phantom phantom
implemented [w%)] 07|04 ] 03| 02] 01103 0.2
calculated [w%]| (with background) | 1.08 | 0.71 | 0.62 | 0.55 | 0.43 | 0.53 | 0.49
calculated [w%]| (minus background) | 0.80 | 0.43 | 0.34 | 0.28 | 0.15 | 0.32 | 0.22

4. CONCLUSION

Gold is a promising new CT contrast agent. The big advantage of spectral CT is the possibility to better
differentiate between different tissues and to specifically detect gold. The K-edge imaging algorithm is able to
convert the information in the six energy bins into three images, which correspond to the contribution of the

Proc. of SPIE Vol. 9033 90334A-6



Human voxel phantom with 0.3w% gold

Van

(a) Photo effect  (b) Compton scatter- (¢) Gold (d) Gold filtered
ing
Human voxel phantom with 0.2w% gold

R

L i d ) ot " 'I
(e) Photo effect  (f) Compton scatter- (g) Gold (h) Gold filtered
ing

Figure 5. Results of the K-edge decomposition algorithm for the human voxel phantom with 0.3w% and 0.2w% gold.

photoelectric effect, Compton scattering and gold.

The accomplished results provide a lower limit of 0.2w% on the required gold enrichment in malignant tissue
for improved cancer detection. It remains to be examined whether and how this can be achieved in practice.
Besides K-edge imaging, several advanced imaging methods can potentially be realized with spectral CT and it
still needs to be examined, which method is the most suitable for gold enhanced medical imaging in humans.
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