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Abstract
Purpose. To demonstrate the feasibility of gold-specific spectral CT imaging for the detection of liver lesions in humans
at low concentrations of gold as targeted contrast agent.
Methods. A Monte Carlo simulation study of spectral CT imaging with a photon-counting and energy-resolving detector
(with 6 energy bins) was performed in a realistic phantom of the human abdomen. The detector energy thresholds were
optimized for the detection of gold. The simulation results were reconstructed with the K-edge imaging algorithm; the
reconstructed gold-specific images were filtered and evaluated with respect to signal-to-noise ratio and contrast-to-noise
ratio (CNR).
Results. The simulations demonstrate the feasibility of spectral CT with CNRs of the specific gold signal between 2.7
and 4.8 after bilateral filtering. Using the optimized bin thresholds increases the CNRs of the lesions by up to 23 %
compared to bin thresholds described in former studies.
Conclusions. Gold is a promising new CT contrast agent for spectral CT in humans; minimum tissue mass fractions of
0.2 wt% of gold are required for sufficient image contrast.
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1. Introduction
X-ray computed tomography (CT) is a commonly available diagnostic tool with numerous important applications
in medical imaging. A normal CT X-ray source provides
a polychromatic spectrum, i. e., X-rays with continuously
distributed photon energies up to a maximum defined by
the tube voltage. However, this polychromatic spectrum
is not specifically exploited in conventional CT imaging,
since standard charge-integrating CT detectors just absorb all incident photons resulting in a single intensity
value. This property contributes substantially to the problem that CT is not always able to distinguish between different materials [1, 2]; for example, calcified cortical bone
and tissue with a high amount of iodine contrast agent
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may have similar attenuation values. A possible solution
for this problem is spectral CT based on photon-counting,
energy-resolving CT detectors, which can provide additional information graved in the energy spectrum of the
transmitted photons [3–7].
These new CT systems can be understood as the consequent next technical advancement following the development of dual-energy CT systems [8–10]. Spectral 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 Kedge patterns [3]. For instance, an existing energy-selective
detector described by Schlomka et al. has 6 energy bins [4];
the energy thresholds of these bins can be selected freely,
and this selection is expected to have substantial impact
on the imaging results. Presently, the main drawback of
this photon-counting detector is the long scanning time,
which makes it impossible to use this new technique for
clinical applications at the moment. Furthermore, the existing spectral CT prototype can only be used for small
animals and phantoms; thus, the analysis and evaluation
of spectral CT in humans still depend on extrapolations
or simulations.
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Gold (particularly in the form of gold-nanoparticles)
could be a promising new CT contrast agent that can be
easily coupled with biological targeting molecules (e. g.,
tumor-specific antibodies) for targeted tumor imaging [11,
12]. The K edge of gold is at 80.7 keV, which lies well inside the diagnostic energy range; thus, gold-nanoparticles
appear particularly suited for spectral-CT applications.
The purpose of this simulation study was to demonstrate the feasibility of gold-specific spectral CT imaging
for the detection of liver lesions in humans at low concentrations of gold as targeted contrast agent. In a first step,
the energy thresholds of the considered energy-resolving
detector were optimized with respect to the detection of
gold in spectral CT of humans. Spectral CT was simulated and the K-edge imaging algorithm [3, 4] was applied
to the simulation results. The imaging performance was
then evaluated in terms of the signal-to-noise ratio (SNR)
and the contrast-to-noise ratio (CNR) allowing also to estimate the minimum tissue concentration of gold required
to provide sufficient contrast in spectral CT imaging in
humans.
2. Methods
2.1. Simulations with EGSnrc
A single slice of a realistic human voxel phantom, based
on CT data of a real female [13], was used to investigate the effect of gold as contrast agent in small tumors
(or metastases) in the liver. Three tumor lesions with
sizes of 1.24×1.24 cm2 , 0.88×0.88 cm2 and 0.35×0.35 cm2
were implemented in the voxel phantom. It was assumed
that the tumor tissue has the same elemental composition as the liver parenchyma, but the density was decreased to ρ = 1.02 g/cm3 , since malignant liver lesions
are usually visible hypodense in CT. The concentration
of gold in the tumor tissue (specified as mass percentage
100 wt% × mgold /mtotal ) was set to 0.3 wt% and 0.2 wt%.
The chemical composition of the organs was based on the
ICRU report 44 [14]. The CT slice used for the simulations
and the size and the localization of the simulated lesions
are shown in Fig. 1.
The acquisitions of spectral CT images was simulated
with the Monte Carlo simulation code EGSnrc (National
Research Council (nrc) of Canada, Version 1.31) [15], which
simulates the coupled transport of electrons and photons
with the condensed history technique. Cross sections for
the photoelectric effect, Rayleigh scattering and pair production were in agreement with the XCOM/NIST database
[16]. For the imaging simulations, the cutoff energy for
photons was 1 keV and for electrons 60 keV; particle energy below the cutoff values was locally deposited.
The used X-ray spectrum was obtained with the calculator by the Institute of Physics and Engineering in
Medicine (IPEM) [17] and had a peak energy of 120 keV
and a mean energy of 64.5 keV; the anode material was
tungsten. X-rays were filtered with 1.2 mm titanium and
1.5 mm aluminum.
Phys Med 2015 (accepted 3 June 2015)
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Figure 1: Slice of the human voxel phantom ([13]) used for the Monte
Carlo simulations (slice number 250, height from the ground 1.21 m).

In our simulation setup, an ideal photon-counting and
energy-resolving detector was implemented, i. e., all incident photons were detected, the count rate was unlimited,
and the energy resolution was perfect. The number of incoming photons were stored for each photon energy (in
steps of 1 keV) such that the energy bin thresholds of the,
e. g., 6 detector bins could be easily defined and varied a
posteriori during the evaluation. The detector had 640 detector elements, each with a size of 1.6 mm in fan direction.
For all performed simulations, the focus-detector distance was 104 cm and the focus-object distance was 57 cm.
The simulated slice thickness was set to 1.6 mm; the acquisition of 1160 views (projections over an angle of 360°) was
simulated; the number of histories (i. e., of photons) per
view was 109 . Images were reconstructed (separately for
each simulated detector bin) with the orthogonal polynomial expansion on disc (OPED) algorithm [18]. Each pixel
in the reconstructed image had a size of 0.84×0.84 mm2 ;
the reconstruction matrix size was 512×512 pixels.
2.2. Optimizing the bin thresholds
The two detector bins just below and above the K edge
of gold are most relevant for the efficient detection of gold.
To determine the optimal width of these two energy bins,
the signal-difference-to-noise ratio (SDNR) was maximized
[19]:
µCTabove − µCTbelow
(1)
SDNR = p 2
2
σCTabove + σCTbelow
where µCTabove and µCTbelow are the mean linear attenuation coefficients of the tumor regions in the reconstructed
CT images calculated for the data from the detector bins
below and above the K edge with the corresponding vari2
2
ances σCTabove
and σCTbelow
. To actually exploit the sudden increase in the linear attenuation coefficient of gold
(i. e., the K edge), the SDNR (Eq. 1) needs to be maximized under the constraint
µXCOMabove > µXCOMbelow ,
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where µXCOMabove and µXCOMbelow are the theoretical linear attenuation coefficients in the bin below and above the
K edge of gold calculated at the mean energy of each bin
with XCOM. This constraint ensures that the theoretical
linear attenuation coefficient in the bin below the K edge
of gold is greater than in the bin above the K edge of gold.
The intensity of the used 120-kV X-ray spectrum between the K edge and the maximum energy is relatively
low, i. e., only a small number of photons is generated.
Hence, to maximize the SNR, only one further bin was
defined above the bin immediately above the K edge with
an upper energy threshold of 120 keV.
To optimize the remaining 3 detector energy bins below
the K edge (indexed by k = 1, 2, 3) the intensity integral
Ik (Ek−1 , Ek ) =
Z Ek
I0 (E)e−µbone (E)xbone −µliver (E)xliver dE

2.4. Evaluation of image quality
Image quality was evaluated with respect to the SNR
and the CNR in the reconstructed gold images [22]. The
SNR was defined as the ratio of the mean value in ap
region
2
of interest (ROI) µROI and the standard deviation σROI
µROI
SNR = p 2 .
σROI

(2)

Ek−1

was calculated for different bin thresholds Ek . It was assumed that X-rays are passing through xbone = 5 cm of
bone and xliver = 25 cm of liver tissue. The total distance
of 30 cm is approximately the mean diameter of the human voxel phantom. The linear attenuation coefficients
µbone (E) and µliver (E) were calculated with XCOM. To
optimize the bin thresholds, the thresholds were determined such that these intensity integrals were maximally
different for the bins, i. e., contain maximally different information.
As a reference, the energy thresholds introduced by
Cormode et al. [20] were used, which were described to
provide the highest sensitivity with regard to simultaneous
imaging of iodine and gold.
2.3. K-edge imaging
K-edge imaging is a decomposition technique that exploits the different energy dependencies of the photoelectric effect, Compton scattering, and interaction with a
high-Z material (in our case gold) to calculate the relative
contributions of these effects to the total attenuation [3, 4].
The decomposition is based on the different measured attenuations in each detector bin (i. e., for each selected energy range) and on the known energy dependencies given
by 1/E 3 , the Klein-Nishina [21] function fKN (E), and the
explicit mass attenuation coefficient (µ(E)/ρ)high-Z , which
includes the K edge, respectively.
The K-edge imaging approach is realized on CT raw
data, i. e., independently for each measured data point in
each projection. For each such data point, the influence
of the three processes are described by three line-integrals
An (n = 1, 2, 3) summing up the relative contributions
of the photoelectric effect, Compton scattering, and the
high-Z material. For any given set {An }, the attenuations Ik ({An })/Ik,0 in each energy bin k can be calculated.
Comparing these calculated attenuations with the actually
measured photon numbers using a maximum-likelihood
Phys Med 2015 (accepted 3 June 2015)

approach, the most likely line-integrals {An } can be estimated by varying the An .
The solution of the maximum-likelihood approach are
three raw data sets, which represent the fractional attenuation contribution of the photoelectric effect, Compton
scattering, and the high-Z material. These raw data sets
can then be reconstructed to obtain three corresponding
image data sets.

(3)

The CNR was defined with respect to a contrast-enhanced
ROI and an adjacent background (i. e., non-enhanced tissue) region (BG) of comparable size:
|µROI − µBG |
,
CNR = p 2
2
σROI + σBG

(4)

2
2
are the variances, respectively. The ef, σBG
where σROI
fective CNR was defined as the CNR multiplied by the
square root of the number of pixels in the ROI. According
to the Rose criterion [23], the effective CNR in CT images
should be greater than 5 to be able to reliably differentiate
between the background and the structure of interest.
SNR and CNR were calculated for three square ROIs
of sizes 11 × 11, 7 × 7, and 4 × 4 pixels centered within
the three lesions shown in Fig. 1; then, the weighted mean
over the three ROIs was calculated.
A bilateral filter algorithm [24] – combining range and
domain filtering – was used to further enhance the reconstructed images and suppress noise. The range filter applies weights that decrease with decreasing similarity of
the regarded image values. Domain filtering uses weights
that decline with increasing distance. The width of Gaussian domain filter was set to 2 and the width of Gaussian
range filter was set to 0.035. Quantitative evaluation of the
image quality was then repeated for the filtered images.

3. Results
As a first step, the optimal bin thresholds for the detector bins below and above the K edge of gold (bins #4 and
#5) were determined by maximizing the SDNR (cf. Eq. 1).
The results, i. e., the bin thresholds yielding the maximum
SDNR, are listed in Table 1. Summarizing these results,
the bin below the K edge was defined to include energies
from 75 keV to 80 keV, and the bin above the K edge was
defined to include energies from 81 keV to 85 keV. Bin #6
with the highest energy range was, thus, set to include all
energies from 86 keV to 120 keV.
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Table 1: SDNR and optimized detector bins immediately below and above the K edge of gold

0.3 wt% gold
bin #4 (below K edge): Emin , Emax (keV)
bin #5 (above K edge): Emin , Emax (keV)
maximum SDNR

big

medium

75, 80
81, 85
1.173

77, 80
81, 85
1.738

As illustrated in Fig. 2, the three low-energy bins have
maximally different intensities (according to Eq. 2), if the
upper energy of bin #1 is set to 46 keV, and the upper energy of bin #2 to 59 keV; with these settings, the intensity
in bin #1 is close to zero and the intensity of bin #2 is
right in between the intensities of bins #1 and #3. These
optimized bin thresholds as well as the thresholds introduced by Cormode et al. [20] (referred to as reference) are
summarized in Table 2.
The image results of the K-edge decomposition algorithm (for a gold mass fraction of 0.2 wt% in the lesions)
are shown in Fig. 3. Visually, the photoelectric and the
Compton scattering images are similar for both sets of detector thresholds. The photoelectric images mainly show
bones due to the Z 3 dependence of the photo effect. In
contrast, the Compton scattering images provide good soft
tissue signal, since the Compton effect is approximately independent of the atomic number Z. No gold-induced lesion
enhancement is visible in the photoelectric and Compton
scattering images.
Magnifications of the resulting gold images with inverted gray scale are displayed in Fig. 4. In the human
voxel phantom with 0.3 wt% gold, all three lesions were
clearly identifiable in all images (Fig. 4, left hand side).
In the decomposed gold images with 0.2 wt% gold, the detection of the smaller lesions in the noisy background was
more difficult (Fig. 4, right hand side). The bilateral filter algorithm reduced the noise and improved the lesion
visibility.
The decomposed gold images were quantitatively evaluated with respect to SNR and CNR; the results are summarized in Table 3. SNR and CNR for the optimized bin
thresholds were higher (by up to 28 % and 23 %, respectively) than for the reference bins. SNR and CNR of the
filtered images were substantially higher than for the unfiltered images at both gold concentrations and both bin
setups. The effective CNRs are summarized in Table 4.
Only the smallest lesion in the unfiltered image had an effective CNR lower than 5 and was, therefore, not reliably
detectable according to the Rose criterion [23].
4. Discussion
The presented simulation results demonstrate that spectral CT of gold contrast agents in the human liver can
be expected to be feasible if minimum mass fractions of
about 0.2 to 0.3 wt% of gold in soft tissue can be achieved.
Phys Med 2015 (accepted 3 June 2015)

small lesion
75, 80
81, 85
1.676

0.2 wt% gold
big

medium

75,80
81, 85
0.6681

77, 80
81, 85
1.075

small lesion
75, 80
81, 84
1.020

At these gold concentrations, even small lesions of 3.5 ×
3.5 mm2 were visible in simulated K-edge decomposition
gold images. An additional image filtering step using a bilateral (range and domain) filter substantially reduced the
image noise and improved the lesion detectability, which
is quantitatively supported by the reported effective CNR
results.
The efficiency of the K-edge decomposition algorithm
was previously demonstrated in Monte Carlo simulations
and also in real measurements. One of the first K-edge
imaging simulations was applied to an atherosclerotic coronary vessel phantom with an arterial gadolinium concentration of 31.76 mg/mL (approximately 3.2 wt% gadolinium) [3]. Roessl et al. simulated spectral CT in a Forbild phantom resembling a (strongly simplified) axial abdominal slice with a central circular gold-containing insert
(diameter: 10 mm, concentration: 0.2 mol/L, i. e., about
4 wt%) [25]. Baturin et al. applied the K-edge decomposition algorithm to a small (diameter: 30 mm) calibration
phantom containing 1.4 to 3.4 mg/L gold (approximately
0.14 to 0.34 wt%) and to a realistic chest phantom with
a single point of interest (diameter: 2 mm) enhanced by
a water-based iodine-gold-calcium mixture (concentration
not specified), in which the gold could be clearly detected
[26]. Similarly, Alivov et al. performed simulations of spectral CT in a small cylindrical phantom and in a chest
phantom containing a simulated plaque with gold concentrations between 0.1 and 20 mg/mL; gold was reported to
be detectable for a minimum concentration of 0.49 mg/mL
(about 0.05 wt%) [27].
Actual spectral micro-CT measurements with a goldbased contrast agent (gold high-density lipoprotein nanoparticles) were performed by Cormode et al. in phantoms
and in mice to characterize atherosclerotic plaques [20].
Gold concentrations in the phantom ranged from 20 to
100 mmol/L (i. e., about 0.4 to 2.0 wt%) and could be detected after K-edge decomposition; in the mice, gold accumulation in vivo was observed after injection of 500 mg/kg
body weight gold nanoparticles. Shikhaliev performed spectral (micro-)CT measurements in a phantom containing 10
and 3.3 mg/mL (about 1.0 and 0.33 wt%) of gold microspheres, and observed a gold-specific signal (with very low
CNR) for the higher concentration [28]. Schirra et al. used
gold nanoparticles for spectral (micro-)CT measurements
in a phantom and in rats in vivo; the lowest gold concentration in the phantom was 0.2 mol/L (about 4 wt%) and
was weakly visible in the gold-specific images [29].
Page 4 of 8
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(a) Intensity function I1 (25 keV, E1 )

(b) Intensity functions I2 (47 keV, E2 ) of bin #2 (green
line), and I3 (E2 , 75 keV) of bin #3 (blue line)

Figure 2: Evaluation of the intensity function Ik (Ek−1 , Ek ) (Eq. 2) to determine the bin thresholds for the first three bins.

Table 2: Reference and optimized detector bin thresholds

reference bins Emin , Emax (keV)
optimized bins Emin , Emax (keV)

bin #1

bin #2

bin #3

bin #4

bin #5

bin #6

25, 33
25, 46

34, 50
47, 59

51, 79
60, 74

80, 90
75, 80

91, 109
81, 85

110, 120
86, 120

Table 3: Quantitative image quality results of the K-edge decomposition algorithm

bin setup
reference
optimized

filter
no
yes
no
yes

0.3 wt% gold

0.2 wt% gold

SNR

CNR

SNR

CNR

1.86±1.0
5.18±1.0
2.10±1.0
6.64±1.0

1.42±0.90
3.86±0.91
1.52±0.95
4.76±0.89

1.44±1.0
4.17±1.0
1.59±1.0
5.31±1.0

0.945±0.83
2.67±0.88
1.01±0.88
3.29±1.01

Table 4: Effective CNRs of the three liver lesions

bin setup
reference
optimized

0.3 wt% gold

filter
no
yes
no
yes

0.2 wt% gold

big

medium

small

big

medium

small

14.8±9.71
41.8±9.82
15.4±9.71
53.1±9.19

10.2±6.63
24.5±7.27
8.93±7.28
21.0±7.16

7.36±3.59
21.7±2.57
12.8±4.64
38.7±3.66

10.2±9.41
27.1±9.19
11.3±9.28
37.3±10.8

6.80±5.85
20.0±7.35
6.45±6.67
16.8±7.23

4.02±2.61
14.3±2.69
4.61±3.59
20.7±4.45
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Reference bin setup

Optimized bin setup

(a) photoelectric image

(b) photoelectric image

(c) Compton scattering image

(d) Compton scattering image

(e) gold image

(f) gold image

(g) gold image after bilateral filtering

(h) gold image after bilateral filtering

Figure 3: Results of the K-edge decomposition with 0.2 wt% gold. Photoelectric (a,b), Compton scattering (c,d), and gold images (e–h) for
the reference (left-hand side) and the optimized (right-hand side) bin thresholds (corresponding images are equally scaled and windowed).
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0.3 wt% gold, unfiltered images

(a) reference bin setup

(b) optimized bin setup

0.3 wt% gold, filtered images

(e) reference bin setup

(f) optimized bin setup

Spectral CT of liver lesions with gold-based contrast agents

0.2 wt% gold, unfiltered images

(c) reference bin setup

(d) optimized bin setup

0.2 wt% gold, filtered images

(g) reference bin setup

(h) optimized bin setup

Figure 4: Magnified gold images with 0.3 wt% gold on the left-hand side and 0.2 wt% gold on the right-hand side; original images are shown
in the top row, images after bilateral filtering in the bottom row. The gray scale is inverted to visually enhance the differences in the results
(all images are equally scaled and windowed).

In contrast to these former publications, our study focused on the contrast of low concentrations of gold-based
contrast agents in small lesions in a realistic abdominal
environment. Since no spectral whole-body CT scanners
exist yet, the feasibility of spectral CT in humans can
only be examined in simulation studies. Former simulation studies examined either coronary plaques in a slightly
simplified chest phantom (without arms) [26, 27] or an abstract circular contrast-agent insert with very high gold
concentration in a strongly simplified abdominal phantom
[25]. As opposed to these publications, our study evaluates the gold image contrast in small (3.5 × 3.5 mm2 ) soft
tissue lesions, for which we estimate a minimum required
gold mass fraction of 0.2 wt% (or about 10 µmol/cm3 ). As
a consequence of this more realistic approach, we observe,
e. g., considerably lower CNRs (and SDNR, cf. Table 1)
in the largest lesion because it is particularly affected by
image artifacts originating from the arms and the spine.
At these low gold concentrations, the decomposed gold
images (Fig. 4) were very noisy; a higher number of simulated incident photons might overcome this problem. However, the deposited energy (from 109 photons/projection)
in one slice is approximately 1.95 mJ; the whole-body dose
for a liver-spleen scan (scan length approximately 18.4 cm,
yielding 210 slices) is then 7.0 mGy and the effective dose
13.0 mSv. This effective dose is comparable to that of a
real liver-spleen scan [30]. The simulation results and the
evaluation of the SNR and CNR (Table 3) should therefore
provide a reasonable approximation to a realistic CT scan
setup.
Phys Med 2015 (accepted 3 June 2015)

5. Conclusions
Gold is a promising new CT contrast agent, in particular for spectral CT imaging, which enables the differentiation of tissues and the specific detection of gold. The
K-edge imaging algorithm converts the information of several detector bins into three images, which correspond to
the attenuation contributions of the photoelectric effect,
Compton scattering, and gold.
Our results obtained with the K-edge decomposition
algorithm show the importance of the optimal selection
of detector bin thresholds. For the given setup (i. e., for
a filtered 120-kV X-ray spectrum applied to human abdominal CT), we recommend the optimized bin thresholds (25–46, 47–59, 60–74, 75–80, 81–85, and 86–120 keV)
for the specific detection of gold in human abdominal CT
with the K-edge decomposition algorithm. Furthermore,
we found a required lower limit of 0.2 wt% gold enrichment
in malignant tissue for sufficient image contrast and cancer detection. It remains to be examined in future studies
whether and how this in-vivo concentration can be obtained in practice.
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