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ABSTRACT

Purpose: The K-edge of gold (81 keV) is located within the energy range of diagnostic CT. This might be advanta-
geous for material differentiation in dual-energy CT (DECT). The aim of this in vitro study was to compare the differ-
entiation between iodine or gold and body tissues using DECT at different kV spectra. Methods and Materials: A wa-
ter filled tank phantom containing specimens with iodine (iopamidol), gold (sodium aurothiomalate), compact bone
(compact porcine bone) and porcine muscle was scanned using a dual source CT (Definition, Siemens Healthcare).
Consecutive scans were performed at 80 kVp, 100 kVp, 120 kVp and 140 kVp with constant mAs settings. The mean
attenuation values of the specimens were measured, and differences in calculated dual-energy ratios (DE;,) between
body tissues and iodine or gold were determined for different DE spectra. Results: The attenuation of gold increased
compared to 80 kVp at higher kVp-settings, while the attenuation of all other specimens decreased. The calculated DE,,.
tios at 80/100 kVp, 80/120 kVp and 80/140 kVp were 1.31, 1.62 and 1.91 for iodine, 0.89, 0.88 and 0.92 for gold, 1.20,
1.39 and 1.45 for compact bone, 1.01, 1.03 and 1.08 for muscle. The differences between the DE,qi0s 80/100 kVp,
80/120 kVp and 80/140 kVp were 0.11, 0.23 and 0.46 for iodine and bone, 0.31, 0.51 and 0.53 for gold and bone, 0.29,
0.59 and 0.83 for iodine and muscle, 0.12, 0.15 and 0.16 for gold and muscle. Conclusion: DE,;, of gold remains rela-
tively stable along the energy spectrum of diagnostic CT and allows a reliable material differentiation between gold and
bone already at contiguous low tube voltage settings (80 kV and 100 kV). Thus, gold might have a potential as a con-
trast agent for DECT.
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1. Introduction and two corresponding detectors at different kVp and mA
settings simultaneously in a dual-source CT (Siemens)
[10], by ultra-fast kVp switching in a single-source CT
(GE) [11] or by compartmentalization of detected X-ray
photons into energy bins by the detectors of a single-

source CT operating at constant kVp and mA settings

Materials can be differentiated by applying different X-
ray spectra and analyzing the differences in attenuation
[1-3]. This works especially well in materials with large
atomic numbers due to the photo effect. lodine is com-
monly used in CT as a contrast material and is generally

known to have stronger enhancement at low tube voltage
settings [4,5]. Selective iodine imaging using dual energy
CT (DECT) was proposed already by Hounsfield [6] and
further investigated in the late 1970s [3,7,8]. It was con-
sidered to perform dual energy imaging at energies around
the iodine K edge (33 keV) [6], which would allow good
iodine separation at contiguous tube voltages and thus
similar noise levels. However, the radiation dose of pa-
tients would not be acceptable at such low energies. Ad-
ditionally, technical limitations of the CT scanners at that
time prevented the development of routine clinical ap-
plications [9].

Recent generations of high-end multidetector CTs are
able to acquire DECT data by applying two X-ray tubes
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(Philips) [12]. The ability to discriminate between two
materials in DECT relies primarily on the difference be-
tween the dual energy ratios (DE,) Of the materials,
which is determined by the separation between the high-
and low-energy spectra and the difference between the
atomic numbers of the evaluated materials. The smaller
the spectral separation, the harder it is to discriminate be-
tween two materials [13].

DECT on a dual-source CT is typically performed us-
ing 80 and 140 kV spectra or 100 and 140 kV spectra in
larger patients [14]. This results in relatively large image
noise difference between the datasets, which is usually
compensated by using different mAs settings for both
tubes [10]. As mentioned above, it would be desirable to
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perform the scans at contiguous tube voltages and thus
similar noise levels. Additionally, lower kV settings are
desirable in thin or adolescent patients.

Gold is currently used to treat rheumatoid arthritis ei-
ther orally or by intramuscular injection [15]. Gold
nanoparticles were introduced as a potential X-ray con-
trast agent in 2006 [16]. The K-edge of gold (81 keV)
might theoretically allow material differentiation using
80 and 100 kV spectra. The attenuation of iodine and
gold at different photon energy levels is visualized in
Figure 1. The aim of this in vitro study was to compare
the differentiation of iodine and gold from body tissues
in DECT using different kV spectra. To our best knowl-
edge, this is the first study evaluating gold as a potential
DECT contrast agent.

2. Materials and Methods
2.1. Phantom Setup

A 3 ml syringe filled with sodium aurothiomalate with a
concentration of 50 mg/ml (Tauredon 50, Altana Pharma,
Germany), corresponding to a concentration of 22.65 mg
gold per ml, was used as gold specimen. Another 3 ml
syringe filled with saline diluted iopamidol (lomeron 300,
Bracco Imaging S.p.A., Italy) with an iodine concentra-
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tion of 50 mg/ml was used as iodine specimen. The con-
centration of gold was given by the highest available
therapeutic concentration of sodium aurothiomalate. The
50 mg/ml concentration of iodine was chosen in a pre-
ceding test series with different iodine concentrations to
achieve attenuation similar to the gold compound at mid-
dle tube voltage settings (100 kV and 120 kV). Porcine
thigh bone was used as bone specimen. Lean pork loin
muscle was used as muscle specimen. The specimens were
positioned in a water filled tank with a size of 19 x 14 x
23 cm®,

2.2. Scanning Protocols

All scans were performed using a dual source CT (Soma-
tom Definition, Siemens Healthcare, Forchheim, Germany).
To ensure the direct comparability between all four data-
sets, we decided to acquire four consecutive datasets with
the same tube/detector combination (single-source mode)
instead of acquiring two datasets simultaneously (e.g. 80
kV on tube A and 140 kV on tube B), which would also
be possible. No changes were expected within the short
time intervals between the consecutive scans of a static
phantom. Consecutive scans with 80 kV, 100 kV, 120 kV
and 140 kV tube voltage settings were performed. All
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Figure 1. Attenuation of gold and iodine at different photon energies with the components photoelectric absorption and co-
herent scattering. Note the abrupt increase in total attenuation at the K edge. The K edge of iodine at 33.2 keV is below the
presently used energy spectrum of diagnostic CT. The K edge of gold at 80.7 keV is localized within the energy spectrum of
diagnostic CT. Data courtesy of XCOM Photon Cross Sections Database [28].
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other scan parameters were constant for all four tube volt-
age settings: 210 mA reference tube current time product
with automatic tube current modulation (CARE Dose
4D), 0.5 s gantry rotation time, and 32 x 0.6-mm colli-
mation with z-flying focal spot. The images were recon-
structed with a non edge enhancing B30 kernel. Slice
thickness and increment were 5 mm and 4 mm respec-
tively, and the reconstructed field of view was 205 mm
with a 512 x 512 pixel matrix. The volume CT dose in-
dex (CTDl,,) and dose length product (DLP) were re-
corded.

2.3. Density Measurements and DE Ratio

All measurements were performed on a PACS work-
station (OsiriX Pro, Aycan, Rochester, NY). The soft-
ware allows to copy a region of interest (ROI) between
different series windows. As all other settings and recon-
struction parameters except the kV-settings remained un-
changed between the datasets, it was possible to copy a
manually drawn ROI from the 80 kV data set to the exact
the same position in the three higher kV datasets. Thus,
the mean densitiy (HU) measurements were directly com-
parable. The iodine and gold ROIs were circular and had
a size of 170 pixels. The muscle ROI was elliptical and
had a size of 800 pixels. The compact bone ROI was of
polyangular shape and had a size of 750 pixels.

DE;4i0s Of the different materials were computed by
dividing the mean HU value of the low-energy data set
by the mean high energy HU value [17]:

DEratio = HUIoka/HUhigh kv
where low is 80 kV and high is 100, 120 or 140 kV

Since the ability to discriminate between different ma-
terials in DECT depends primarily on the difference in
DE,.i0s, any increase is expected to improve the perform-
ance of any material-specific DECT imaging task. There-
fore, analogous to a phantom study performed by Primak
et al. [13], we calculated the difference between material
specific DE,0s t0 compare the ability of discrimination
between materials.

3. Results

The mean attenuation values of iodine, gold, compact
bone, and muscle at different X-ray tube kVp spectra are
summarized in Table 1 together with the corresponding
calculated DE,s. The attenuation of gold increased
compared to 80 kVp at higher kVp-settings, while the
attenuation of all other specimens decreased. This results
in DEai0s < 1 for gold. The mean attenuation values of
iodine and gold were almost identical at 100 kVp. The
attenuation of iodine was 47% higher at 80 kV, and 29%
lower at 140 kVp in comparison to gold. The attenuation
of gold and iodine at different energy spectra is shown in
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Figure 2. There was only a mild decrease of the mean
attenuation values of muscle with increasing kVp-set-
tings, resulting in DE0s ~ 1.

The differences between the DE,4i0s Of the specimens
at different k\Vp combinations are summarized in Table
2. The differences between DE,0s 0f gold and bone were
higher than those of iodine and bone for all tube voltage
combinations. There highest difference in DEy0s between
bone and gold of 0.53 was found at a tube voltage com-
bination of 80/140 kVp (bone and iodine 0.46). A rela-
tively high difference in DE40s between bone and gold
was already seen at low tube voltage combination of
80/100 kVp. The differences between DE 405 Of gold and
muscle were conversely lower than those of iodine and
muscle (0.83 for iodine and muscle and 0.16 for gold and
muscle at 80/140 kVp).

The volume CT dose index (CTDI,,) and dose length
product (DLP) of the four scans with a constant scan
length are summarized in Table 3.

Figure 2. Attenuation of iodine and gold at different x-ray
tube kVp spectra (window width 1700 HU, window level
700 HU). The attenuation of iodine decreases continuously
with increasing kVp. The attenuation of gold increases visi-
bly from 80 kVp to 100 kVp and remains quite stable from
100 kVp to 140 kVp.
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Table 1. Mean attenuation values and standard deviations of iodine, gold, compact bone, and muscle at different X-ray tube
kVp spectra. DE, 40 With 95% confidence intervals calculated from the mean attenuation values for different X-ray tube kVp

spectra combinations.

80 kVp (HU) 100 kVp (HU) 120 kVp (HU) 140 kVp (HU) DE ratio 80/100 kVp DE ratio 80/120 kVp DE ratio 80/140 kVp

(Séorf]g}rem) 1651427  1261+23 1017+21  864+16 (1.33'?’1.31) (1_6;%_63) (1.93'?1.92)
(22'6(;‘::% iy 1120818 1251%14 1275417 1218+16 (0.88'??).90) (Oigg'?g.%) (o.gg'?g.gz)
Compacthone 1732+299  1441+263 12454239 1195+ 198 (1_13'_22_22) (1_3%'?3_ ) AP

Muscle 69+ 5 685 6743 643 (1.0%'91.02) (1_03'??04) (1‘0%'?*;.08)

Table 2. Absolute differences between DE,40s Of iodine or
gold and compact bone or muscle for different X-ray tube
kVp spectra combinations.

80/100 kVp 80/120 kVp 80/140 kVp

lodine and compact bone 0.11 0.23 0.46
Gold and compact bone 0.31 0.51 0.53
lodine and muscle 0.29 0.59 0.83
Gold and muscle 0.12 0.15 0.16

Table 3. Volume CT dose index (CTDI,,) and dose length
product (DLP) of the consecutive CT scans of the phantom
with increasing X-ray tube kVp spectra.

kVp CDTI vol (mGy) DLP (mGy-cm)
80 1.01 9
100 2.34 22
120 431 40
140 6.68 62
4. Discussion

In this in vitro study, we could demonstrate that the 81
keV K-edge of gold impacts the attenuation of a low
concentrated gold compound solution scanned by energy
spectra of diagnostic CT. The attenuation of gold in-
creased slightly compared to 80 kVp at higher kVp-set-
tings, while the attenuation of all other specimens de-
creased.

Relevant differences in DE,,s between bone and gold
were seen at all tube voltage combinations, mentionable
with a contiguous low tube voltage combination of 80 kV
and 100 kV. This would be advantageous in DECT ap-
plications where differentiation between contrast agent
and bone is the major goal, e.g., bone removal in post-
processing at head and neck CTA [18,19] or CTA runoff
[20,21]. These exams could be performed with contigu-
ous low tube voltages, resulting in lower radiation dose.
Alternatively, the differentiation between bone and con-
trast agent might be more precise with a 80/140 kV com-
bination.

As already shown in numerous previous studies, the
attenuation of muscle decreases only slightly with in-
creasing tube voltage settings [2,4,10]. This resulted in
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small differences between the DE,4i0s Of gold and muscle
in our study. Thus, in DECT applications where differen-
tiation between contrast agent and soft tissue is the major
goal, e.g. virtual non-contrast image calculation [22,23],
iodine should be more advantageous for all tube voltage
combinations.

The concentration of iodine was more than twice the
concentration of gold in our study (50 mg/ml versus
22.65 mg/ml). As mentioned in the methods part, the
concentration of iodine was adapted to achieve attenua-
tion similar to the gold compound at middle tube voltage
settings (100 kV and 120 kV). With a higher atomic
number (Gold = 79 vs lodine = 53), and a higher absorp-
tion coefficient, gold should theoretically provide about
2.7 times greater contrast per unit weight than iodine [16].
Extrapolating the concentrations in our study, a contrast
agent with a gold concentration of about 136 mg/ml
might be equivalent to a 300 mg/ml iodine contrast agent
at 100 kV.

Tin filtration of the high energy (140 kVp) tube was
introduced with the second generation of dual-source CT.
This can further improve DE material discrimination [13,
24]. Qur first generation dual source CT does not provide
any additional filtration options. Therefore, filtration ef-
fects could not be investigated in our study. Our hypothe-
sis is that filtration of the low energy tube (80 kVp) might
enhance the K-edge effect of gold scanned by energy
spectra of diagnostic CT.

In DECT imaging, mAs-settings are routinely decreased
with higher kVp-settings to obtain similar noise levels in
both datasets. All scans were performed with the same
mAs in our study. However, the mAs was selected high
enough to perform reliable attenuation measurements in
all datasets. Our intention was to keep all other parame-
ters except kVp constant.

The major limitation of gold as a potential DECT con-
trast agent might be its well known side effects. Sodium
aurothiomalate is a gold compound that is used for its
antirheumatic effects to treat rheumatoid arthritis and for
some experimental indications (e.g. of prostate cancer)
[15,25]. This compound causes allergic reaction frequently,
and can impair nephrogenic or hematopoetic function
with higher dose [15]. Thus, it is not eligible as a contrast
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agent. Gold nanoparticles were developed and introduced
in 2006 as a potential X-ray contrast agent in a small
animal study [16]. A negligible osmolarity, a low viscos-
ity, no evidence of toxicity, and extended imaging time
were highlighted as the advantages of this novel contrast
agent [16]. Initial in vitro CT studies could demonstrate a
good performance of gold nanoparticles with high tube
voltage, large objects (patients) or strong added filtration
[26,27]. In our feasibility study, we wanted to investigate
the potential of gold in DECT. For proof of principle of
our in vitro experiment, we considered sodium aurothio-
malate advantageous for its availability and its lower
Costs.

Especially the high costs could limit the wider spread
of gold as a contrast agent. The gold price was rising
within the past years and was about 54$/g in 2012. As-
suming a standard injection of 100 ml of a contrast agent
with a 136 mg/ml gold concentration, the raw material
cost would be about 735$ per patient. Such high cost
would only be legitimate in certain patient groups. A
potential group might be patients with known allergy
versus iodine contrast agents. Another potential group
might be children or thin patients, where low kilovoltage
DECT scans are desirable to reduce the radiation dose.

In conclusion, DE,4;, of gold remains relatively stable
along the energy spectrum of diagnostic CT and allows a
reliable material differentiation between gold and bone
already at contiguous low tube voltage settings (80 kV
and 100 kV). Thus, gold might have a potential as a con-
trast agent for certain DECT applications.
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