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Objective: Recently introduced energy-sensitive X-ray CT
makes it feasible to discriminate different nanoparticulate
contrast materials. The purpose of this work is to present
a K-edge ratio method for differentiating multiple simul-
taneous contrast agents using spectral CT.

Methods: The ratio of two images relevant to energy bins
straddling the K-edge of the materials is calculated using
an analytic CT simulator. In the resulting parametric map,
the selected contrast agent regions can be identified
using a thresholding algorithm. The K-edge ratio algo-
rithm is applied to spectral images of simulated phantoms
to identify and differentiate up to four simultaneous and
targeted CT contrast agents.

Results: We show that different combinations of simul-
taneous CT contrast agents can be identified by the
proposed K-edge ratio method when energy-sensitive CT

Despite remarkable advances in diagnostic and therapeutic
procedures during the past two decades, annual reports still
indicate that cancer remains a challenging disease all over
the world. To reduce the morbidity and mortality caused by
cancer and many other diseases, endeavours spanning
technological innovations in imaging systems to the de-
velopment of nanoparticulate (NP) materials aim at im-
proving clinical diagnosis and therapy planning. Numerous
high-atomic-number agents have been investigated for X-ray
imaging applications, such as bismuth [1], gold [2], plati-
num [3], tungsten [4], tantalum [5], hafnium [6], lutetium
[7], ytterbium [8], erbium [9], holmium [10], osmium [10]
and gadolinium [11]. Moreover, NP CT contrast agents
proved to be promising in the context of molecular imaging
owing to their higher diagnostic efficacy than current con-
trast agents [12—14]. Targetability and high circulation time

is used. In the K-edge parametric maps, the pixel values
for biological tissues and contrast agents reach a maxi-
mum of 0.95, whereas for the selected contrast agents,
the pixel values are larger than 1.10. The number of contrast
agents that can be discriminated is limited owing to photon
starvation. For reliable material discrimination, minimum
photon counts corresponding to 140kVp, 100 mAs and
5-mm slice thickness must be used.

Conclusion: The proposed K-edge ratio method is a
straightforward and fast method for identification and
discrimination of multiple simultaneous CT contrast agents.
Advances in knowledge: A new spectral CT-based
algorithm is proposed which provides a new concept of
molecular CT imaging by non-iteratively identifying multi-
ple contrast agents when they are simultaneously targeting
different organs.

in vivo make it possible to use multiple contrast agents si-
multaneously and integrate multiple phases of diagnostic
imaging in a single scan. This may decrease CT radiation
dose, drug dose and diagnosis time, with higher sensitivity
and specificity [12].

Although the use of multiple high-atomic-number contrast
agents may improve the efficiency of clinical diagnosis, it
would require differentiation of the contrast agents used si-
multaneously. However, owing to the wide range of atomic
numbers and concentrations in the body, conventional CT
that uses an integrating detection system is unlikely to be
capable of differentiating between multiple contrast agents
when injected simultaneously or when using multifunctional
agents [15]. In such cases, without correct identification, it is
unlikely to achieve the main goal of molecular CT imaging.
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It has been shown that energy-dependent information on at-
tenuation coefficients can be used as a metric to identify and
discriminate different tissues and materials. Alvarez and
Macovski [16] used an energy-dependent representation of at-
tenuation coefficients using energy sensitive CT. Lehmann et al
[17] proposed a dual-tube potential algorithm based on scan-
ning using two different X-ray spectra called dual-energy im-
aging, in which the attenuation coefficient function was
decomposed into basis material functions. On the basis of the
materials decomposition method, the attenuation coefficient is
written as a linear combination of basic functions.

In recent years, CT with energy sensitive detection systems
(spectral CT) has attracted considerable attention. In spectral
CT, the transmitted X-ray spectrum is compartmentalised into
several finite energy bins and the data of each bin are used to
generate an image of the corresponding energy window [18,19].
Selective imaging of contrast agents using the K-edge energy
using energy-resolved CT was first investigated by Riederer and
Mistretta [20]. Subsequently, the decomposition of the attenu-
ation coefficient has been evaluated for identification of contrast
agents in projection space [21,22] and in image space [23]. The
common idea among all these attempts is to solve a system of
equations to obtain the coefficient of each material contribution
to the total attenuation coefficient at two or multiple energies.

In this work, we propose a straightforward method using spectral
CT data. This approach is analytically simple and generates se-
lective contrast agent images quickly. The calculations are per-
formed in image space to identify and differentiate multiple
simultaneous contrast agents using an analytical CT simulator.

MATERIALS AND METHODS

Theoretical background

Within the diagnostic X-ray energy range, the linear attenuation
coefficient (LAC) decreases with increasing photon energy, except
at absorption edges such as K-edge, where the LAC undergoes
a sudden jump. Moreover, with increasing atomic numbers, the
energy of the K-edge increases. In the context of contrast en-
hancement in conventional X-ray imaging, only the atomic
number (Z) and mass density (p) of contrast agents are important.

In addition to the Z and p of contrast agents, two other parameters
affect image quality and diagnostic efficiency when multiple contrast
agents are used simultaneously: (i) energy of the K-edge and (ii)
absorption jump ratio. The K-edge energy is an important factor
since this energy determines the acquisition protocol on the detector
side when spectral CT is used for discrimination between multiple
contrast agents [18,19]. The absorption jump ratio is also important
because it provides the potential to identify and discriminate a
particular contrast agent from body tissues and from other contrast
agents. The absorption jump ratio can be defined as the ratio of the
attenuation coefficients slightly above and below the K-edge energy:

_U'K+
Yk =

(1)

K-

where o+ and og- represent the total mass attenuation co-
efficient just above and below the K-edge energy, respectively.
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Proposed K-edge ratio method

Our proposed algorithm is based on the K-edge ratio method. In
this technique, two energy bins on both sides of the K-edge
energy of the selected contrast agents are defined, and the ratio
of the relevant reconstructed images is calculated. The result is
a “parametric map” (virtual image) in which each pixel is equal
to the ratio of the corresponding pixels in the bin images:

Image (binj) 2)

)
K-edge Image(bin;)

where Image(bin;) and Image(bin;) are the images reconstructed
from data of energy windows bin; and bin; placed below and
above the K-edge energy of the selected contrast agents, re-
spectively. In this parametric map, pixels in the contrast agent
region have larger values than all other pixels owing to the sudden
increase of LAC at the K-edge of selected contrast agents. Pixels
relevant to all biological tissues exhibit values <1.0 in the Rg_cqge
parametric map, owing to the decrease of attenuation coefficients
with energy. This phenomenon instigates the differentiation be-
tween contrast agents in the corresponding parametric map.

In the case of administering and targeting simultaneous contrast
agents, it is crucial to define proper energy windowing in the CT
acquisition system for K-edge imaging. This means that an ap-
propriate energy binning framework must be considered to
identify all contrast agents. To this end, a priori knowledge of the
administered contrast agents is required.

The location and width of energy bins must be adjusted
depending on several factors such as the signal-to-noise ratio
(SNR), total number of contrast agents or energy resolution of
the detector. Depending on the clinical aim of the targeted
molecular imaging probe, various combinations of simultaneous
contrast agents may be administered. Table 1 summarises some
examples of possible combinations. The images corresponding
to energy bins (bin images) are individually reconstructed. To
obtain an image with low quantum noise and high contrast-to-
noise ratio, one additional image is reconstructed from the en-
tire X-ray spectrum (diagnostic image). The bin images are used
only for Rk .qge parametric map generation to provide the
possibility of contrast agent identification. The Ry cdqe para-
metric maps are generated using the reconstructed bin images
according to Equation (2). For example, for Combination 1 in
Table 1, the parametric maps relevant to europium, ytterbium,
osmium and thallium contrast agents are obtained by calculating
Rys.5 Re1.3> R73.9 and Rgs s, respectively. Owing to the clarity of

Table 1. Examples of possible combinations of simultaneous
contrast agents

Combination Contrast agents

1 Europium, ytterbium, osmium, thallium
2 Gadolinium, hafnium, gold

3 Terbium, hafnium, platinum, bismuth

4 Holmium, tungsten, bismuth
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the pixels that represent the selected contrast agent in the
parametric maps, the contrast agent region can be simply seg-
mented using thresholding. To distinctively highlight the con-
trast agents, we use the colour overlaying technique on the
diagnostic image.

Analytical CT simulator

Evaluation of CT scanner performance using analytical simula-
tion techniques has been successfully carried out in a number of
studies and continues to be an active research topic [24,25]. In
this study, an analytic model of fan-beam CT with 912 detector
elements placed on an arc geometry was implemented and
validated through comparison with experimental results. The
X-ray tube focal spot to isocenter and to detector distances have
been set to 540 mm and 950 mm, respectively. The fan angle has
been set to 56°, which is consistent with the 1.02 mm width for
each element of the detector arc. The above-mentioned param-
eters have been set to be consistent with a typical clinical CT
system [26].

In our analytical model, the initial X-ray spectrum Iy(E), gen-
erated by the X-ray tube, was calculated from the X-ray beam
attenuation equation:

Iy(E) = mAs-A-I,(E)-exp[~Xa-uy(E)] 1=E=<kVp (3)
where I,(E) is the discrete X-ray spectrum containing intensity of
photons per energy in photons mAs~ ' mm™ obtained from the
IPEM Report No. 78 [27], in which the effect of X-ray tube
current-time mAs and potential kVp are considered for spec-
trum calculation. wa(E) is the LAC of aluminium at energy
E. x4 is aluminium equivalent filtration thickness representing
inherent and additional X-ray tube filters in total. The collimator
opening is represented by A (mm?”), which varies with slice
thickness.

The projections were calculated around the defined phantoms
(described in the next section) in 0.4° angular steps for one full
rotation. The initial X-ray spectrum Iy(E) was transmitted
through the object in each angular step to generate the raw
projections matrix. The detection system was designed to
enable the acquisition of the attenuated data in spectral (pulse)
mode such that

=

la(biny) = 3. fE)wEYB(EyexptP(E) ()

where P(E) represents the geometric projections matrix of the
object at energy E. I4(bin,) is the raw data (same size as P ma-
trix), which represents the detected photon intensity limited to
energy bin, with /,, and h,, energy thresholds. The bin number, n,
and the energy thresholds can be customised by the user. The
detection efficiency of the detector as a function of energy is
designated as f(E), whereas w(E) is the energy weighting factor
that converts the energy of photons to the signal generated by
the detector. Energy weighting algorithms and appropriate
modelling of the detection system have been already reported.
It has been shown that the SNR can be improved by weighting

X-ray photons according to their energies in energy-resolved CT
compared with energy-integrating weighting [28], although this
might introduce CT number inaccuracies, owing to spectrum
tailing [29]. In this study, the detected photons were calculated
without energy weighting to simulate pure photon counting mode.

The detection efficiency in the actual situation varies by the
materials and technology used to manufacture the detector.
However, to generalise our investigation, we assumed that f(E)
behaves as a flat function vs energy with an ideal value of 1.0.
Therefore, the energies of all photons incident on the detector
are recorded as they are.

Based on the above, each element of I4(bin,) represents the
detected photons intensity in a specific angular step and a de-
tector channel. By adding Poisson noise to each element of
I4(bin,) matrix according to its value and applying a beam
hardening correction function, the final attenuated intensity
matrix I(bin,) was generated. The line integral along ray paths
of the projections, L,(bin,,) are then calculated as follows:

Io (bll’ln)

L,(bin,) =1n I(biny)’

)

where Iy(bin,) is the acquired detected photon intensity in the
absence of an object in the scanning area. A built-in filtered
backprojection (FBP) function for fan-beam geometry imple-
mented in MATLAB® (MathWorks, Inc., Natick, MA) is then
used to reconstruct the L(bin,) into 512X512 image matrix:

Image(bin, ) = FBP[L(bin,)], (6)

where Image(bin,,) is the reconstructed image corresponding to
the detected photons inside the bin,,.

We experimentally scanned various concentrations of the dipotas-
sium hydrophosphate (K,HPO,) and iodine contrast agent inserted
in a physical phantom, similar to the one used in simulation
studies, to validate the model. For experimental examinations, we
used a GE VCT 64-slice CT system (GE Healthcare, Milwaukee,
WI). Experimental and simulation results were compared in terms
of CT numbers and noise in the regions of interest defined over
three categories of regions: (i) those containing various K,HPO,
concentrations, (ii) those with various concentrations of iodine
contrast agent and (iii) water background.

Phantoms and materials

Three shape-based computerised phantoms were numerically
designed in the simulation code: (i) a 250-mm diameter cylin-
drical phantom filled with water for calibration and beam
hardening correction, (ii) a 250-mm diameter cylindrical mul-
ticontrast phantom with 12 cavities filled with different con-
centrations of bony and contrast materials for testing our
algorithm (Figure la) and (iii) an anthropomorphic abdomen
phantom for targeted contrast agent illustration (Figure 1b).
Simple and more complex numeric phantoms have been ex-
tensively used for analytical CT simulation [30,31]. However, for
evaluation of our K-edge ratio method, it was required to design
particular phantoms in which multiple simultaneous contrast
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Figure 1. lllustration of the computerised phantoms: (a) multi-
contrast phantom and (b) anthropomorphic phantom.

(b)

agents with different concentrations could be inserted. For this
purpose, an anthropomorphic abdomen phantom consisting of
an elliptical cylinder with 410 mm width and 330 mm height
including the liver, stomach, colon and aorta that could be filled
with contrast agents was designed (Figure 1b).

The following formula was used to acquire the projection P
along the ray path S, used in Equation (4):

= ds
P(E) /S B 7)

where w(E) is the two-dimensional matrix corresponding to the
distribution of LACs at energy E of the computerised phantom.

0 and t represent the projection angle and radial co-ordinate,
respectively. Using the same geometrical setting mentioned in the
previous section, the sinogram P was generated for all designed
computerised phantoms using a built-in MATLAB function.

The attenuation coefficient data of materials and tissues used in
the phantoms were calculated using the WinXCom software
[32]. To simulate a variety of bone tissues, we used K,HPO,
solutions. We considered seven different high atomic number
materials: europium (Eu), gadolinium (Gd), ytterbium (Yb),
hafnium (Hf), osmium (Os), gold (Au) and thallium (T1) as
potential X-ray contrast agent candidates. Other high-atomic-
number elements not covered in this work can be also consid-
ered and differentiated using the proposed approach in the same
manner. The LACs of simulated materials (us) were calculated
using the following mixture rule:

ws(E) = ps-Y wioi(E) (8)

where w; and o; are the mass fraction and mass attenuation
coefficient of the ith element in the solution. ps represents the
solution mass density.

Matched linear attenuation coefficients examination
To generate matched LACs, concentrations of materials were
purposefully tuned such that their LACs match except near
K-edge energies. To this end, two groups of concentrations were
calculated (Table 2) such that in each group, the contrast agents
exhibited similar pixel intensities at energies far from their
K-edge (Figure 2). Such cases constitute the worst-case scenario,
in which it is difficult to differentiate contrast agents using
conventional CT imaging.

The elements Eu, Yb, Os and Tl (Combination 1) were inserted
at the 3, 4, 5 and 6 o'clock positions of the multicontrast
phantom with C; concentration and at the 7, 8, 9 and 10 o’clock
positions with Cyy concentrations. Fatty material was inserted at
the 11 o’clock position, whereas bony materials with concen-
trations of 300, 700 and 1000 mg ml ™! of K,HPO, were inserted
at the 12, 1 and 2 o’clock positions, respectively (Figure 2a).
Spectral CT images of the phantom were generated using an
appropriate acquisition protocol.

Table 2. Two levels of concentrations that exhibit matched
linear attenuation coefficient vs energy (see Figure 2)

Contrast agents Cp (mgml™") Cy (mgml ™)
Europium 12.6 25.2
Gadolinium 11.9 23.9
Ytterbium 9.4 18.8
Hafnium 8.5 17.1
Osmium 7.7 15.4
Gold 6.8 13.6
Thallium 6.4 12.8
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Figure 2. Plot of linear attenuation coefficient (LAC) vs energy
of four contrast agents with Cy concentrations (see Table 2).
The concentration of materials is purposefully adjusted to
match their LACs vs energy.

1.2
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Targeted contrast agents examination

Gd, Hf and Au (Combination 2) were inserted in the anthro-
pomorphic phantom to model targeted contrast agents: Gd
targeting the liver and stomach tumours, Hf for blood pool and
targeting colon tumours and Au targeting aortic wall adjacent to
a calcification region. Spectral CT images of this phantom were
generated using an appropriate acquisition protocol.

Noise and beam hardening

Narrowing the energy bins might improve identification of the
materials but would produce stronger quantum noise in the
reconstructed images, owing to a decrease in the number of
photons that contribute to the resulting images. Two types of
image quality degradations may occur, owing to insufficient
number of photons in multienergy CT imaging: contrast degra-
dation as a consequence of high quantum noise and severe beam
hardening artefact in the presence of high concentration of high-
atomic-number materials such as contrast agents. Consequently, it
would be more reasonable to use an image reconstructed from the
entire X-ray spectrum for diagnosis and the bin images only for
differentiation of the materials.

The effect of energy bin width on image noise and optimisation of
bin size in multi-energy CT have been investigated elsewhere
[22,33,34]. We evaluated the effect of multiplication of mAs and
slice thickness value (mAsT) on the K-edge ratio parametric map
quality. We used a fixed tube voltage of 140kVp, maximum
current-time of 200 mAs and maximum slice thickness of 20 mm
to avoid exceeding the standard CT dose index in clinical trials
[35]. We measured the noise in the background in the parametric
maps of the multicontrast phantom for a wide range of mAsT.

RESULTS

On average, the percentage relative differences between simu-
lated and experimental CT numbers were 8.3%, 7.5% and 8.0%
for bone; 12.1%, 10.3% and 7.8% for contrast agent and 16.6%,

3.6% and 5.2% for water background at 80kVp/500 mAs,
120 kVp/250 mAs and 140kVp/125 mAs, respectively. The per-
centage relative difference between simulated and experimental
noise values varies between 2% and slightly <26% for the
above-mentioned tube potential and mAs values.

Acquisition protocol

For four simultaneous contrast agents (Combination 1), at least
five energy bins are required, where three of the bins are used in
common. Bin, was used as above K-edge bin for Ryg s=bin,/bin,,
relevant to europium, and at the same time, it was used as below
K-edge bin for Rg; 3=bins/bin,, relevant to ytterbium. Similarly,
there were three common bins in Combination 2, where there is
a total of four bins, owing to fewer contrast agents. A schematic of
the designed acquisition protocol for Combination 2 is illustrated
in Figure 3.

Contrast agent identification

Matched linear attenuation coefficients

The bin images of the multicontrast phantom, when two
matched concentration groups of Eu, Yb, Os, and TI are inserted
in the phantom, are shown in Figure 4. It can be seen that in the
image of bin; with 37-47keV energy range (Figure 4a), all
contrast agents have almost identical grey levels because we
purposefully adjusted their concentrations to produce matched
LACs. However, in the image relevant to bin, with 50-60 keV
energy range (Figure 4b), which is placed above the Eu K-edge
energy, the pixel intensities of regions containing Fu (at 3 and
7 o’clock) are highlighted. Similarly, in bin; with a 63-72keV
energy range (Figure 4c), bin, with a 75-84keV energy range
(Figure 4d) and bins with a 87-97 keV energy range (Figure 4e),
regions corresponding to Yb, Os and Tl are highlighted, re-
spectively. Note that in the bins image, all contrast agents have,
again, almost identical grey levels because its energy is higher than
the largest K-edge energy of these four materials. Pixel intensities of
regions containing bony and fatty materials continuously decrease
when the energy increases from bin; to bins, owing to the absence
of their K-edge in the energy range of the images.

The Rg_eqge parametric maps Rys.s, Re1.3, R73.0 and Rgs s for the
above-mentioned examinations were generated. We observed
that all pixels inside the regions containing the corresponding
contrast agents were noticeably brighter than other regions. As
these pixels have values >1.0, they can be simply segmented
using a threshold of 1.0 to the pixel intensities of the parametric
maps. The parametric maps can also be independently reviewed
by radiologists and oncologists for diagnosis and treatment
planning.

Targeted contrast agents

Figure 5 shows parametric maps, diagnostic images and colour
overlay of discriminated contrast agents for Combination 2, where
Gd, Hf and Au are used. Figure 5a—c corresponds to Rsg,=
bin,/bin;, Res4=bins/bin, and Rgy,;=bin,/bins, respectively.

We observed that in the K-edge ratio parametric maps, the pixel
values of soft tissue, bones and contrast agents were <0.95,
whereas the pixels of the selected contrast agent were >1.10.
By thresholding each of the parametric maps at 1.00, pixels
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Figure 3. Graphical scheme of the acquisition protocol for identification of three simultaneous contrast agents.
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belonging to the corresponding contrast agent were successfully
separated. The separated pixels can be coloured in the diagnostic
image (Figure 5e).

Energy bins image quality

Figure 6 plots quantum noise variation (measured as standard
deviation of the background) vs mAsT. Based on our analytical
simulation, it can be observed that photon counts for <120 mAsT
gives an average background noise >1.0 in the K-edge ratio
parametric map. Such pitfall affects the differentiation of low
concentrations of very high atomic number materials at the
first level owing to the smaller jump ratio of these materials. As
the photon count decreases further, differentiation of other
materials with higher concentration or lower atomic numbers

may be affected. Figure 6 shows that pixel values of the back-
ground in the K-edge ratio parametric maps become close to
those of the contrast agent under this scenario. Consequently,
the automatic segmentation of contrast agent regions using
a threshold of 1.0 in the parametric maps may mistakenly
classify some other pixels as contrast agent and, therefore, an
additional procedure or higher photon counts may be required
to solve the problem.

Figure 7 shows three sample images acquired at 80, 240 and
500 mAsT in which high quantum noise leads to such a prob-
lem. It can be seen that in situations with insufficient photon
counts, which might occur using thin slicing and/or very low
maAs, the noise amplitude exceeds the K-edge ratio, which might

Figure 4. (a-e) Bin images corresponding to bin; to bins, respectively, of the multicontrast phantom filled with two levels of concentration
of europium (Eu), ytterbium (Yb), osmium (Os) and thallium (TI) materials. All images have the same greyscale shown in (e).

50-60 keV

63-72 keV

(a) (b)

87-97 keV

(c)
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Figure 5. (a-¢) Rk-edge Parametric maps of the anthropomorphic phantom. (d) Diagnostic image. (e) Colour overlay image filled with three
simultaneous contrasts where red represents gadolinium, green represents hafnium and blue represents gold (colour visible in online

version only).
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impact negatively the differentiation power of contrast agents.
However, by increasing mAsT and through fine tuning of the
threshold values, this effect may be reduced to some extent. Based
on our simulations of phantom/body objects with diameters
>25cm, at least 500 mAsT (e.g. 5-mm thickness and 100 mAs
with 140 kVp) is required to achieve reliable parametric maps for
K-edge ratio imaging.

DISCUSSION

To underline the ability of spectral CT over integral CT in dis-
tinguishing multiple simultaneous contrast agents, we proposed
a new imaging method based on the K-edge ratio algorithm. To
this end, we used an analytical modelling approach to simulate
an energy-sensitive X-ray CT scanner. Since NP contrast agents
may have long circulation times in the body, they would be

Figure 6. Parametric map background mean (thick bars) and
standard deviations (thin bars) for different mAsT.

11

Pixel Value

0.8 -

capable of targeting multiple regions containing selective cancer
cells. Therefore, they provide the possibility of targeted multiple
contrast molecular CT imaging. In this work, we present a
straightforward K-edge ratio algorithm that discriminates and
identifies multiple contrast agents regardless of being simulta-
neous and/or mixed. This capability arises from the fact that the
K-edge energies of elements are unique and, as such, the pro-
posed method is highly sensitive to the LAC jump in the K-edge
energy of the selected materials.

The principle of our image-based method is the sudden increase
of LAC at the K-edge energy of a contrast agent. By forming
a particular parametric map as the ratio of two images, one from
the energy window above the K-edge energy and the other from
the energy window below the K-edge energy, we showed that
regions containing contrast agents have pixel values higher than
1.0, whereas other regions have pixel values <1.0 (Figure 5). It
indicated that by applying a unique and constant threshold,
contrast agent regions can be automatically segmented in the
parametric maps.

Although it was shown using analytical simulation that the
K-edge ratio algorithm achieves reasonably well the task of
multiple contrast agent discrimination, it is obvious that trans-
lating the technique to clinical practice requires several in-
termediate steps. In our simulation procedure, some physical
factors were not considered. We assumed that the detector can
stop all X-ray photons with high count rates and ideally recor-
ded the energy of each hitting photon assuming perfect ab-
sorption. Although the geometry and materials of the detector
may provide the possibility of stopping all incoming X-rays,
perfect recording of the energy of all photons is not quite re-
alistic and hence the f{E) and w(E) in Equation (4) need to be
experimentally determined for the given photon-counting de-
tector [36—41]. In addition, we simplified all sources of noise by
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Figure 7. Photon starvation effect in the multicontrast phantom filled with four simultaneous contrast agents: europium (Eu),
ytterbium (Yb), osmium (Os) and thallium (TD: (@) mAsT=80, (b) mAsT=240 and (c) mAsT=500. Red represents Eu, green
represents Yb, blue represents Os and yellow represents Tl (colour visible in online version only).

(a) (b)

adding only Poisson noise to the detected photons. Although our
validation work demonstrated that we have generated similar noise
patterns compared with experimental studies in some cases, robust
noise validation requires additional work. This problem is critical,
owing to the high quantum noise in the bin images. However, we
investigated the effect of noise originating from photon starvation
on the performance of our proposed method and suggested
a minimum scanning protocol. Moreover, we proposed that the
bin images must be used only for parametric map generation and
not directly for diagnosis. However, images reconstructed from the
entire X-ray spectrum with high contrast-to-noise ratio can be
used for clinical diagnosis (Figure 5d).

Since a variety of high atomic number materials can be con-
sidered in simultaneous contrast agents imaging, a proper se-
lection of materials according to their K-edge energies may
improve the performance of K-edge ratio imaging method. The
selection of materials with larger energy distance between their
K-edge energies may help to design an acquisition protocol with
wider energy bins to optimise the SNR in the K-edge ratio
parametric maps. Moreover, the selection of X-ray tube poten-
tial, current and filtration as well as scanning time may con-
tribute to the optimisation of the performance of the proposed
technique.

In previous studies, the identification of multiple contrast agents
has been investigated under different perspectives utilising
multienergy (spectral) CT equipped with energy sensitive pho-
ton counting detectors. The common algorithm in most of these
studies starts with forming a system of equations considering
data sets obtained from multienergy acquisition and the use of
the decomposition of attenuation coefficient functions. Itera-
tively solving this system of equations results in the identifica-
tion of contrast agents with K-edge energy inside the
radiological energy range [19,42]. Although it has been reported
that the methods utilised in these studies efficiently discriminate
between contrast agents when solving such a system of equa-
tions, the following issues must be considered: (i) since they are
solved using iterative methods, designing a reliable and robust
system of equations that avoids ill-conditioning and divergence
issues is critical; (ii) a particular system of equations must be
designed for each combination of contrast agents [19], which
may become challenging when the calculations are performed in
projection space, owing to practical difficulties for manufacturers;

(©

(iii) in the system of equations, it is required to repeat the cal-
culations for each element of the projection matrix (sinogram).
This indicates that a large number of repetitive calculations must
be performed to estimate the contributions of the materials in
each pixel. Therefore, it must be carefully considered whether or
not material decomposition with iterative methods warrants its
clinical applicability with the required additional processing
time. Unlike iterative methods, our proposed method is based
on simple calculations and can discriminate and identify
multiple contrast agents in the image domain. Moreover, in
contrast to attenuation coefficient decomposition methods, our
method does not require prior knowledge of the constant and
coefficients of particular functions such as photoelectric and
Compton functions. Therefore, it does not require any par-
ticular calibration procedures.

The main limitation of energy sensitive CT when used for
contrast agent discrimination is the dependency of the energy
bin thresholds on the K-edge energies of contrast agents. In
K-edge imaging methods, the energy binning should be designed
such that no K-edge falls inside the bins, and at the same time,
there should be a bin below and a bin above the K-edge energy. It
is the nature of K-edge methods to be highly dependent on bins
location, which is owing to the fact that in K-edge imaging
methods, the main aim is to identify contrast agents by consid-
ering their unique K-edge energies. In most previously proposed
K-edge imaging approaches, the energy thresholds of bins have
been adjusted so that they are placed very near to the K-edge
energy of a given contrast agent [8,19,33,43,44]. This indicates
that in the presence of multiple contrast agents, increasing the
number of contrast agents decreases the energy bins width an
increase in the quantum noise and streak artefact in the bin
images owing to photon starvation. Therefore, an optimal pro-
tocol must be achieved in terms of trade-off between the number
of contrast agents to be simultaneously identified and the quan-
tum noise of the bin images.

CONCLUSION

K-edge ratio imaging based on multi-energy CT equipped with
energy resolving detectors is a promising approach for identi-
fication of contrast agents in molecular CT imaging, particularly
when using multiple targetable NP contrast agents. Compared
with K-edge methods based on iterative solving of a system of
equations, our K-edge ratio method is fast and straightforward.
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The results show that this method is applicable to cases in which
the number and type of contrast agents may vary; only the
acquisition protocol must be customised accordingly. The
image-based nature of the method makes it practical and easy to

be implemented in the clinic.
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