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ARTICLE INFO ABSTRACT

Keywords: In K-Edge Subtraction (KES) imaging the K-edge of a high-Z contrast medium is used to generate a differential
XPCD image in which, in principle, only the contrast agent is visible, suppressing any background. A possible
Simulator

K-edge imaging

approach to KES imaging is by using polychromatic spectra and spectral X-ray photon counting detectors
(XPCD). In this paper we present the development and validation of a simulation tool for KES imaging with

spectral XPCD. In addition an analytical formula, based on theoretical considerations, is derived, that further
supports the simulation results. The validation is made on experimental data obtained with an X-ray tube, an
iodine-based contrast agent, and Pixirad-1/Pixie-III detection system.

1. Introduction

K-Edge Subtraction (KES) is an X-ray imaging technique that in-
volves the use of a contrast medium that contains a high Z element
(typically I, Ba, and Gd) [1-4]. The technique is based on the ac-
quisition of two images with X-rays of energies above and below the
energy of the K-edge of the contrast medium. In planar imaging the two
images are normalized and then logarithmically subtracted. In the KES
image, the details containing the contrast medium will have intensities
higher than those of all the other parts of the sample not containing
the contrast medium. The advantages of the KES technique over other
radiographic techniques that use contrast media are manifold. First,
the KES signal makes it possible to identify the details containing the
contrast medium with certainty because only these can be associated
with the larger, K-edge enhanced, linear attenuation coefficient in the
image acquired with X-rays of higher energy. Another fundamental
advantage consists in the elimination or at least in the identification
of the background. This allows details containing contrast medium to
be viewed with much greater contrast. Consequently, it is possible to
reduce its concentration, reducing its toxicity. These features can have
relevant advantages in morphological and functional imaging both in
the clinical and preclinical applications.

Though the ideal application of KES technique requires the use
of scarcely available monochromatic sources by acquiring two images
with energies just above and below the target K-edge, KES imaging
can be performed also with common X-ray tubes thanks to the devel-
opment of spectral X-ray photon counting detectors (XPCD) [5-7]. By
implementing at least two energy thresholds, when used together with
a polychromatic X-ray source, an XPCD allows imaging the sample at
two energy bins with mean energies below and above the target K-edge
in a single shot.

XPCDs are direct-detection imaging devices made by coupling a
semiconductor sensor (usually Si, CdTe or GaAs) with an application
specific integrated circuit (ASIC). In this architecture, each X-ray pho-
ton interacting with the sensor produces an amount of charge-hole
pairs, which is proportional to the energy deposited by the interaction.
Under the effect of a bias voltage applied to the sensor, the charge
carriers drift and diffuse towards the pixelated electrodes inducing a
current signal which is compared to an energy-calibrated threshold
system implemented in each readout pixel. Whenever the signal ex-
ceeds the threshold level, the counter corresponding to the selected
threshold is increased by one. When the charge cloud produced by
a single interaction spreads over multiple pixels, if the pixels work
independently from the neighbors, both the information about the
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position of the interaction and the energy deposited are compromised,
thus impairing the overall spatial and energy resolution of the XPCD.
This issue, known as charge-sharing, has significant effects in XPCDs
implementing small pixels (< 100 pm). To date, different manufac-
turers implemented solutions to cope with charge-sharing [7,8]. In
Medipix3 [9] and Pixirad-1/Pixie-III [10] chips, a charge-sharing cor-
rection has been implemented via an on chip inter-pixel communication
algorithm which traces back the energy deposited by a single photon
by summing the charge collected in a cluster of 4 neighboring pixels,
the hit being assigned to the pixel receiving the highest fraction of
the total charge. This algorithm has been shown to achieve detection
efficiency, energy and spatial resolutions suitable for spectral imaging
applications [11-15]. Setups for spectral imaging with XPCDs imple-
menting two thresholds and the charge-sharing correction have been
successfully implemented using Medipix3 [6,16] and Pixirad-1/Pixie-III
detection systems respectively [17-20]. In the latter, the charge-sharing
correction mode is referred to as NPISUM (Neighbor Pixel Inhibit and
SUmming Mode).

This work presents the development and validation of a simulator
able to reproduce the formation of X-rays images for the specific case
of KES imaging with an XPCD implementing two thresholds (thr; and
thr,). The simulator takes as input the X-ray spectrum, the acquisition
geometry, the sample geometry and composition, the characteristics
of the XPCD (i.e., detection efficiency, energy resolution, pixel size),
and the settings of the energy thresholds. The output of the simulation
process consists of two images, one per each energy bin. As a case study,
an XPCD implementing 62 pm pixel size and 650 pm thick CdTe sensor
has been modeled, mimicking the Pixirad-1/Pixie-III features.

The simulator has been validated by considering experimental im-
ages of a test sample made by two pipettes filled with two solutions of
an iodinated contrast agent in water acquired with the Pixirad-1/Pixie-
III in the lab-setup. Then, by reproducing the experimental conditions
in the simulator, the simulated images were compared with the exper-
imental ones. The quantitative comparison between experimental and
simulated images has been carried out via measurements of contrast,
noise, and contrast to noise ratio (CNR).

In addition to the simulator, an analytical formula to calculate the
contrast, the noise and the CNR of a KES image has been derived
from theoretical considerations. The analytical formula is intended to
calculate the ground truth of the imaging process since it is not affected
by occurrences of undefined pixel values in radiographic projections
that typically occur with photon starvation, such as infinity and NaN
(not a number) values resulting from dividing a number by zero and
dividing zero by zero, respectively.

2. Materials and methods
2.1. Simulator description

The simulator has been developed in Matlab code, and it is essen-
tially a modified version of the one developed and validated for the case
of breast CT with monochromatic radiation [21,22]. In this paper, the
simulation has been extended to the polychromatic case, and it includes
a modeling for the spectral separation of the detected photons operated
by the energy thresholds implemented in the XPCD.

The simulation of the processes involved in the formation of X-rays
images with spectral XPCDs are hereafter explained step by step.

2.1.1. X-ray source

The spectra of a conventional X-ray tube with a tungsten anode have
been simulated with Spektr 3.0 [23], a computational toolkit developed
in Matlab. The toolkit allows tuning the voltage of the source in the
range 20-150 kV, and it outputs the X-ray fluence energy spectrum, for
which each energy bin provides the number of photons - mm=2 - mAs™!
at 100 cm from a point-source. The photon fluence energy spectrum
W,,(E,x,y) ( photons - mm~? per bin) in input at the sample position is

calculated by considering the actual mAs employed in the simulated
acquisition and by adjusting for the effective distance source-sample,
taking into account that the intensity of the radiation emitted by a
point-source follows the inverse-square law. Additionally, Spektr 3.0
allows adding filters from a wide set of elements and compounds of
settable thicknesses in order to further shape the spectrum. The sim-
ulated spectra W,,(E, x, y) are sampled with steps of 1 keV. However,
for the scope of this work, they were resampled to 0.1 keV by means
of piecewise cubic Hermite interpolating polynomial.

2.1.2. Geometry and X-rays interactions

The simulator handles each energy bin of the spectrum W,,(E;, x, y)
as a monochromatic beam of energy E;. The simulations can be per-
formed in different geometries: parallel-beam, fan-beam, and cone-
beam. A point source is supposed (negligible focal spot size).

The geometry and the composition of the sample are defined by a
mathematical phantom made by a 3D spatial distribution of attenuation
coefficients u(E;). The spatial distribution of the spectrum transmit-
ted by the sample W,.(E;,x,y) impinging on the XPCD pixel matrix
is calculated by computing the forward projection using the ASTRA
toolbox [24,25].

Only the transmitted radiation is considered, while the scattered
radiation is not taken into account.

2.1.3. Photon counting detector

The X-ray detector is modeled as a 2D matrix of pixels with a
defined pixel pitch. The simulated detector is a CdTe XPCD, modeled
as an ideal counter implementing two energy thresholds and the charge
summing algorithm. For the specific case of study, the simulated XPCD
is based on the Pixirad-1/Pixie-III detector used in NPISUM mode.

The spectroscopic performance of a CdTe XPCD are potentially
affected by the charge-sharing issue, but also by secondary fluorescence
photons induced within the semiconductor sensor when energies above
the K-edges of Cd (26.7 keV) and Te (31.8 keV) are employed. The
energies of the main transitions (i.e., fluorescence photons) emitted by
Cd and Te are E., = 23.1 keV and E;, = 27.4 keV. The mean free
paths, in CdTe, of these photons are respectively of i, = 124.4 pm
and Ay, = 61.6 pm. It is worth noticing that being close to Cd K-
edge, fluorescences emitted by Te have a high probability of inducing
a secondary Cd emission, which may result in a maximum mean
free path of 186 pm. Considering the charge summing algorithm, the
problem of fluorescence photons can be summarized as follows: (i) if
the fluorescence photon releases its energy within the cluster of pixels
considered by the charge summing algorithm, the incoming photon
with energy E is correctly detected; (ii) if a fluorescence photon with
energy E releases its energy outside the cluster defined by the charge
summing algorithm, an input photon with energy E generates two
separate signals. These signals are interpreted by the XPCD readout
as two separate photons with energy respectively E, and E — E,. For
spectral applications this latter case can induce an incorrect allocation
of photons within the energy bins of the XPCD. This means that the
spectrum W, (E,x,y) detected by the CdTe sensor differs from the
spectrum W,.(E, x, y) transmitted through the sample. To consider this
aspect in the simulation procedure, a simplified Monte Carlo (MC)
model based on [26] has been implemented for a 650 pm thick CdTe
sensor connected to a readout matrix segmented into square pixels
with an area of 62 x 62 ym?. MC simulations have been performed
considering a detector made by 3 x 3 pixels. In this detector, the
incoming X-ray photons can interact only with the pixel at the center,
in a random point of its area. The charge summing algorithm has
been implemented by summing the energy collected by the cluster of
2 x 2 pixels receiving the highest fraction of the energy released in
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Fig. 1. Example of bin formation with thr, = 25 keV, thr, = 33.2 keV, considering XPCDs featuring different energy resolutions: (a) FWHM = 0.079 keV, (b) FWHM =3 keV,

(©) FWHM =6 keV, (d) FWHM = 10 keV.

the sensor. All the secondary fluorescence photons interacting outside
of the activated cluster (either within the 3 x 3 area or outside) are
treated as independent events with energy E,. These events are taken
into account in the degradation of the spectral response by adding
an event with energy E, in the calculated spectrum. This operation
holds assuming that for each photon escaping the considered area,
another photon with the same energy and escaping from neighboring
areas will be detected by a cluster in the simulated 3 x 3 detector.
This assumption is reasonable for a pixelated XPCD (almost) uniformly
illuminated. Finally, W, (E, x, y) is computed by passing W,.(E, x, y) as
an argument of the MC model, which, for each monochromatic energy
E;, computes the number of photons detected with energies E;, E.,,
E;, - E¢y, Er,, and E; — Ep,.

A realistic XPCD model has to consider also the limited energy
resolution featured by the energy thresholds. The energy resolution
of an XPCD is formally defined as the response to the system to
monochromatic photons, and it is commonly measured by the full
width half maximum (FWHM) of the full energy peak recorded by the
spectral detector [27]. The energy spread around the full energy peak,
mainly due to statistical fluctuations in the signal processing chain,
can be modeled as a Gaussian distribution around the energy of the
impinging photons [27-29].

From the considerations described above, in the simulator, the
acquisition thresholds have been modeled as Gaussian distributions
of the energies with mean y = thr and FWHM = (2y/2In2)-oc
that depends on the characteristics of the acquisition system. In this
description, the probability of detecting/discriminating a photon with
energy E by setting a threshold 7Ar can be described by the following
probability function with values in the range [0-1]:

1 E —thr
¢(E,thr)=—~<1+erf< >> (€8]
2 a\/i

where ‘erf’ is the error function that describes the response of the
energy threshold thr.

For an XPCD implementing two thresholds, thr; and thr,, the
detected photons are allocated into two energy bins [thr|,thry[ and
[thry, E, ), where thr2 > thrl, and E,,, is the endpoint of the
employed polychromatic spectrum. These energy bins can be described

by the following expressions:
[thry, thr,[
[thr2, E, .1
In Fig. 1 a few examples of the energy distributions of the bins
[thr|,thry[ and [thr2, E,,.] are reported, considering XPCDs featur-
ing different energy resolutions. The input photon fluence spectrum
(W,,(E,x,y)) is generated by an X-ray tube with a tungsten anode set
to 40 kVp, and filtered with 0.253 mm of Cu. The spectra reported in
Fig. 1 refer to a non-attenuated X-ray beam detected by an XPCD placed

1 m downstream of the source, mounting a generic sensor with an ideal
spectroscopic response, for which W, (E, x,y) = W,,,(E, x, y).

Wyo(E) - §(E, thr)) — Wyo(E) - $(E, thry)
Wiy (E) - $(E. thr)

(2)

Referring to Fig. 1 it can be observed how the worsening of the
energy resolution induces an increasing overlap between the energy
bins. For the scope of KES imaging, an increasing overlap between the
two energy bins is expected to reduce the KES signals, as the spectral
information around the absorption K-edge is mixed in both the low
energy and high energy bins. Therefore, the use of an XPCD featuring
a sharp energy resolution is an essential requirement for the technique.

2.1.4. KES image formation

The final output of the simulation process is two 2D images. For
the particular application of KES imaging, these images are called ‘low’
and ‘high’ images, with mean energies respectively below and above the
target K-edge. In particular, for each pixel located in a position (x, y),
the image I,,,,(x, y) integrates all the photons in the bin [thr|,thr,[, the
image Ij;,,(x, y) integrates all the photons in the bin [thry, E,,,,]:

{1h,w(x, W = [ W E,x,y) ($(E, thr)) — $(E, thry)) d E .

Ih,-gh(x, y) = /E Wy (E, X, y) ¢(E,thry) dE

Finally, considering that XPCDs achieve images that are free of read-
out noise and dark current, for an ideal imaging system, the only source
of noise is represented by the quantic nature of photons that obeys to
the Poisson statistics. Therefore, in the final stage, the simulator adds
a Poissonian noise to the images I;,,,(x, ) and I, (x, y).



In practice, a KES image is defined as follows:

Lyign(x.y) I, .(x
Pps(x.y) = —log<L> +,og<M> “
Flatpgp(x,y) Flat,,(x,y)

where I and Flat (flat field image) are respectively the images with and
without sample. To produce the radiographic projections, the simulator
also outputs flat field images. The number of images to be averaged to
generate the flat field can be varied, in order to reproduce different
statistics.

2.2. Analytical formula for KES imaging

The simulator described above provides a single realization of
stochastic events, outputting images directly comparable with the ex-
perimental data. However, the stochastic nature of the image formation
also implies that fluctuation in the measurable quantities (e.g., SNR,
KES signal) in the images can occur. Furthermore, NaN and infinity
values, due photon starvation, can alter the ground truth of images.
In addition to the simulator, an analytical formula to calculate the
KES signal and the Poissonian noise along a single line integral in the
forward projection has been derived to serve as reference. Unlike the
simulator, the analytical formula provides the expectation values of
mean and standard deviation in a line integral. Since this approach
does not reproduce the effects of photon starvation, the output of the
analytical formula is intended to be the ground truth of the simulation
process.

2.2.1. KES signal and noise

The analytical formula calculates the KES signal and the ideal noise
detected by a single pixel of the XPCD along a defined line integral &.

The processes taken into account by the analytical formula are
very similar to those employed in the simulator and are hereafter
summarized.

Given an input spectrum W, (E,x,y), the transmitted spectrum
W,,.(E, x,y) along a line integral ¢ is defined by the Lambert Beer’s law.
The spectrum detected by the CdTe sensor W, (E,x,y) is calculated
with the implemented MC model.

Once set the two acquisition thresholds (thr;, thr,), the number
of photons detected in each bin (Nfow and Nfigh, respectively) is
calculated with Eq. (3).

The KES signal along the line integral ¢ is therefore calculated as
follows:

¢ ¢
N;. N
KES§=—log< h'gh>+log<ﬂ> 5)
N NO
igh low

where the apex 0 refers to the non-attenuated beam and index ¢ refers
to a specific line integral across the sample.

Taking into account the Poisson nature of photons, the noise as-
sociated with each pixel of the image recording N photons is simply
described by the Poisson statistics with ¢ = \/ﬁ . Referring to Eq. (5)
the noise associated with the KES signal recorded in a homogeneous
region of the image follows from the noise propagation rule:

1 1 1 1
OKES; = C_+T+T+T (6)
\/Nhigh Nhfgh N/ow low

2.3. Experimental setup

To validate the simulation program, actual images of a test sample
were acquired with the laboratory setup.

The X-ray source used was a Hamamatsu L9421-022 micro focus
X-ray tube.

Acquisitions were performed with the following settings: voltage
40 kV, current 200 pA, additional filter 0.253 mm of Cu. The Source-
Detector (Dgp) and Source-Object (Dg,) distances were respectively
Dgp =305 cm and Dg, = 27 cm, resulting in a magnification factor of
about 1.13.

The detector used is the hybrid XPCD Pixirad-1/Pixie-III.

The detector is realized by coupling, with the flip-chip bonding
technique, a high Z sensor with an application specific integrated
circuit (ASIC) [10]. The sensor is a Schottky-type diode array made
of a 650 pm thick CdTe semiconductor with electron collection on the
pixels. For each pixel, the readout has two 15-bit counters fed by two
independent discriminators with settable energy thresholds. Pixie-III
is a CMOS ASIC with an active area of 3.17 x 2.49 cm® covered by a
512 x 402 matrix of square pixels with 62 pm pitch. In this paper all
the images were acquired using the NPISUM mode, which, correcting
for the charge-sharing issue, has been demonstrated to be a particularly
convenient mode for spectral imaging applications [17,20,30]. All the
images were acquired with an exposure time of 4.5 s.

The test sample was made by two pipettes filled two solutions in wa-
ter of the iodine-based contrast agent Bayern Ultravist": 50 mg/ml and
10 mg/ml (iodine in water), respectively. The pipettes were made of
polypropylene with measured wall thickness of 0.16 cm. The maximum
internal diameter of the pipettes was 0.89 cm.

2.4. Validation of simulations

The experimental conditions described above were reproduced in
the simulator. The performance of the Pixirad-1/Pixie-IIl in terms of
energy resolution at different energies were simulated by exploiting
the characterization of the Pixie-III carried out in [15]. Where not
directly measured, the energy resolution of the simulated XPCD was
estimated by performing a second order polynomial fit (as a function
of the energy) of the energy resolutions reported in Table 1 of [15],
ranging from 3.4 keV to 4.1 keV (FWHM of full energy peak) at X-ray
energies from 26 to 50 keV.

The spectral response of the simulated CdTe detector has been vali-
dated by comparing the differential spectra simulated for the monochro-
matic energies experimentally measured in [15] i.e., 26 keV, 33 keV,
37 keV, and 50 keV. For the simulations with monochromatic energies,
10* photons were employed. As for the experimental case, differential
spectra have been obtained by simulating acquisitions at a single
increasing threshold (threshold scans) for all the monochromatic en-
ergies considered. The differential spectrum was also measured for the
polychromatic spectrum and geometry employed for actual KES acqui-
sitions, as described in the previous section. In both monochromatic
and polychromatic cases, threshold scans were carried out considering
flat-field images, i.e., without any sample between the source and the
detector.

To validate the simulations of KES images, different sets of planar
images were acquired and simulated for different threshold configura-
tions. In particular, by fixing the thr;, a threshold scan was performed
by varying rhr, at fixed steps. The threshold scan was repeated for
different values of thr,. The grid of threshold combinations used for
the acquisitions is displayed in Fig. 2.

The threshold scans were performed to test the simulator response
under different acquisition settings and, in particular, to test the ability
to reproduce KES images with contrast, signal, and CNR comparable
with the experimental acquisitions using different threshold settings.

For each image of the sample, a flat field image with the same input
statistics was acquired to produce radiographic projections.

To minimize the impact of the image processing in the resulting
measurements, no image processing was performed for both the exper-
imental and simulated images. Where necessary, NaN and the infinity
values resulting from divisions by O in the calculation of the KES image
(defined by Eq. (4)) were ignored in the measurements.
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simulated differential spectra for the polychromatic spectrum employed for experimental measurements (described in Section 2.3). The simulated spectrum generated by the X-ray

tube and reaching the detector position is plotted as a reference.

3. Results

Fig. 3 shows a comparison between simulated and the acquired [15]
differential spectra for monochromatic photons with energies:
(a) 26 keV; (b) 33 keV; (c¢) 37 keV; (d) 50 keV. For the sake of
completeness, the spectroscopic response simulated with the MC model
implemented for this work has been also compared with the results ob-
tained with another model, based on GEANT4, for the Pixirad-1/Pixie-
III XPCD proposed and validated in [31,32]. Fig. 3 (e) shows the

simulated and the acquired differential spectra for the polychromatic
spectrum and geometry employed in the experimental acquisitions, as
described in Section 2.3.

As a reference, Fig. 3 (e) also shows the simulated spectrum gener-
ated by the X-ray tube and reaching the detector position, reported in
units of photons per second per pixel area. The results in Fig. 3 show a
reasonable agreement between the simulated and the actual spectra for
both the monochromatic and polychromatic cases. Slight mismatches
between the experimental spectra and the model are observed at low



Fig. 4. Experimental KES image of the two pipettes filled with 10 mg/ml (left pipette)
and 50 mg/ml (right pipette) iodine solutions. The image is acquired with thr, =
26.5 keV and thr, = 33 keV.

energies < 20 keV and on the left sides of the full energy peaks. These
distortions, also present in the GEANT4 model [31,32], are due to
incomplete charge collection and carrier trapping effects in CdTe [33]
not modeled in the simulations.

Fig. 4 reports the experimental KES image of the two pipettes
filled with 10 mg/ml (left pipette) and 50 mg/ml (right pipette) iodine
solutions, obtained with the thresholds thar; = 26.5 keV, thr, = 33 keV.
For comparisons with the simulations, only the ROI (size 512 x 100)
in red in Fig. 4 was considered, where the pipettes have a cylindrical
shape.

For the same threshold settings, a comparison between the simu-
lated image and the experimental one is shown in Fig. 5: (a) experi-
mental image; (b) simulated image; (c) plot of the horizontal profiles
highlighted in the images for both simulated and experimental images.

The results in Fig. 5 show a good agreement in the signals of
both the simulated and the experimental images. The profiles in Fig. 5
(c) have been smoothed with the Savitzky-Golay filter [34] to better
compare them.

To evaluate the accuracy of the simulation program, measurements
of the KES signal, noise and CNR were carried out for all the thresh-
old combinations. By observing the plot of the horizontal profiles in
Fig. 5 it is also possible to note that only the highest contrast-agent
concentration shows a clearly distinguishable signal. Therefore, the
measurements were carried out considering only the pipette on the
right filled with the 50 mg/ml solution.

To measure the CNR, 10 pairs of ROIs (10 x 10) were selected
at different vertical positions, respectively on the central axis of the
pipette (ROI,) and in a corresponding background region (ROI,). The
small size of the ROI was set in order to minimize the effects of the
cylindrical shape of the pipette in the measure of the average and the
noise of the signals.

For each pair of ROIs, CNR was calculated as follows:

my, — my,

/| 2 2
UP+Gh

where m and o are respectively the mean signals and the standard
deviations recorded in ROI, and ROI,. To better compare the behav-
iors of the experimental image against the simulated ones, the contrast

CNR = ()

C = m,—my, and the noise o = ‘7,% + ag were compared also separately.
Finally, the average of 10 repeated measures of CNR, C and ¢ were
used; the standard deviation of the 10 repetitions was reported as
statistical error.

In Fig. 6, the plots of the CNR (left column), the contrast (cen-
tral column), and the noise (right column) measured on experimen-
tal/simulated images are shown, together with the analytical formula,
as a function of thr, for a few fixed values of thr,.

From the results in Fig. 6 it can be observed that the plots of the
simulated CNR, contrast and noise are in good agreement with the
experimental data. This means that the simulator well reproduces the
behavior of the experimental system. Slight deviations of CNR and noise
from the experimental results are instead observed for the analytical
formula. The deviations from the actual images become to be noticeable
when rhr, gets close to the endpoint of the spectrum (40 keV) or
for high values of both thr; and thr, (e.g., Fig. 6 (g-i)). Under these
conditions, the energy bin ‘high’ is affected by poor statistics that
induces photon starvation in the actual images. The origin of deviations
between the experimental/simulated case and the analytical formula
can be, therefore, identified in the presence of NaN and infinity values
(excluded from the measurements) occurring in both the experimental
and simulated images when photon starvation occurs. As a consequence
of the underestimation of the noise, the CNR from the analytical for-
mula is slightly larger if compared to the experimental case. Apart from
the necessary clarification, it can however be concluded that in optimal
experimental conditions (i.e., in the absence of photon starvation) both
the analytical formula and the simulator are able to faithfully reproduce
the experimental results.

For the sake of completeness, in Fig. 7 the grid of the measured CNR
is shown, for each threshold combination for both the experimental
and the simulated images. The heatmaps in Fig. 7 can also be used to
identify the threshold settings that maximize the CNR in KES images
(the brightest regions of the maps). Therefore, simulations can be a
valuable tool, especially for optimization studies.

4. Conclusions

A simulator for reproducing the experimental images achievable
with the laboratory setup using the Pixirad-1/Pixie-III spectral XPCD
has been implemented and validated.

The results showed that simulations and experimental images are in
good agreement.

The simulation tool here developed can be used for optimization
studies, such as finding the settings for both the X-ray source (i.e., kV,
filtration, current) and the XPCD (i.e., thr, thr,) that maximize the
CNR in KES image for a given contrast agent concentration.

The flexibility of the simulation tool also allows the simulation of
different experimental conditions, which are not always reproducible
with the instrumentation available in a laboratory. As an example,
though the code has been limited to simulate a XPCD implementing
two thresholds, it can be easily extended to the case of N thresholds.
Alternatively, the performance of XPCDs mounting different sensor
materials (e.g., GaS or Si), featuring different spectroscopic capabilities
and energy resolution, can be investigated.
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Fig. 5. Comparison between experimental and simulated KES images for thr, = 26.5 keV, thr, = 33 keV: (a) experimental image; (b) simulated image; (c) plot of the horizontal

profiles highlighted in the images for both simulated and experimental images.
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Fig. 6. Plot of CNR (left column), contrast (central column) and noise (right column) as a function of thr, for few fixed thr,: (top row) thrl = 26.5 keV; (central row) thrl = 30.5 keV;
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