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1.  Introduction

The K-edge subtraction (KES) x-ray imaging technique exploits the sharp rise of the absorption coefficient at the 
K-edge of a specific element such as e.g. an injected contrast agent or a known substance already present in the 
tissues to be imaged. This technique requires the acquisition of two digital images at different energies at either 
side of the K-edge of the element to be detected and it can be applied to planar radiography as well as to computed 
tomography (CT). The logarithmic subtraction of these ‘low’ and ‘high’ energy images enhances the presence 
of the element (e.g. the structures filled with a contrast agent), whereas the other structures have negligible (or 
negative) contrast, due to the small variation of their attenuation coefficients at the two considered energies. 
Image segmentation becomes therefore trivial and automatized, because a global gray level thresholding with a 
threshold t slightly above the background noise—such as e.g. t � 3σ where σ is the standard deviation of the gray 
levels in a background region-of-interest (ROI)—gives adequate results.

The tunable monochromatic x-ray beam produced by a synchrotron radiation (SR) source brings the exper
imental KES performances close to the theoretical limits in terms of image quality (Thomlinson et al 2018). The 
technique is quantitative and it allows for the detection of very subtle concentrations of a known element with 
limited radiation dose (Baldelli et al 2006). However, the scarce availability of suitable SR sources limits a broad 
application of this technique and therefore KES imaging with non-synchrotron sources is of great interest (Kulpe 
et al 2018). Since a conventional x-ray tube has a polychromatic spectrum, it would be desirable to obtain spectral 
or multi-energy images (Fredenberg 2018) in a single shot by separating the spectrum in at least two parts (below 
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Abstract
K-edge subtraction (KES) imaging is a technique able to map a specific element such as e.g. a contrast 
agent within the tissues, by exploiting the sharp rise of its absorption coefficient at the K-edge energy. 
Whereas mainly explored at synchrotron radiation sources, the energy discrimination properties of 
modern x-ray photon counting detectors (XPCDs) pave the way for an implementation of single-
shot KES imaging with conventional polychromatic sources. In this work we present an x-ray CT 
imaging system based on the innovative Pixie-III detector and discrete reconstruction. The results 
reported here show that a reliable automatic localization of Barium (above a certain concentration) 
is possible with a few dozens of tomographic projections for a volume having an axial slice of 512 × 
512 pixels. The final application is a routine high-fidelity 3D mapping of a specific element ready for 
further morphological quantification by means of x-ray CT with potential promising applications in 
vivo.
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and above the K-edge of an element). X-ray Photon Counting Detectors (XPCDs) (Taguchi and Iwanczyk 2013, 
Ballabriga et al 2016) which are equipped with a real time multi-threshold discrimination system are capable of 
acquiring perfectly co-registered data over multiple energy bins in a single scan.

The potential applications of spectral imaging are well known (Fredenberg 2018), such as e.g. virtual mono-
chromatic imaging, virtual non-contrast exams and scans with much lower doses of contrast medium. Unlike 
dual energy systems (dual source or tube voltage switching), photon-counting spectral imaging eliminates the 
risk of misregistration between the energy images thanks to its single-shot nature. However, whereas spectral 
imaging with XPCDs is considered very promising, its practical application has been hampered by the charge 
sharing problem (Taguchi and Iwanczyk 2013) that negatively affects the energy resolution of these detectors. 
Additional technological problems affect the quality of the acquired images, thus leading to the need of accurate 
digital image processing procedures (Brombal et al 2018) in order to compensate for noise and artifacts.

Based on simulations using solutions containing different concentrations of gadolinium and iodine (Roessl 
and Proksa 2007, Schlomka et al 2008), K-edge computed tomography with XPCDs has been already proved to 
be a promising technique to map contrast agents in tissues. CdTe detectors are the most widely used solution in 
this field (Abudurexiti et al 2010) and several optimizations have been presented through the last decade (He et al 
2012, Huang et al 2019).

This work presents the single-shot K-edge subtraction computed tomography (KES-CT) technique where 
the innovative Pixie-III detector (Bellazzini et al 2013, 2015) is used combined with discrete reconstruction. 
Pixie-III allows to configure two programmable energy thresholds and it implements a solution to cope with 
charge sharing effects, thus allowing to collect two images simultaneously with sharp energy (or color) sensi-
tivity. These two images are here combined with refined image processing as well as a state-of-the-art discrete 
tomography (Herman and Kuba 2003, Batenburg et al 2009) reconstruction algorithm named total variation 
regularized—discrete algebraic reconstruction technique (TVR-DART) (Zhuge et  al 2016). KES imaging is 
meant mainly to ease segmentation and further morphological quantification. This is beneficial for example in 
the 3D visualization of the vascular system of small animals (Shu-Yen et al 2002, Grabherr et al 2008, Zagorchev 
et al 2010). For a detailed morphological quantitative analysis of the vascular tree, it is necessary to reconstruct 
the vascular network in its entirety and a binary segmented volume is required to quantify e.g. the vessel length 
and caliber in order to characterize a small artery occlusion and compression (Grabherr et al 2008). When con-
sidering the CT case, due to the inherent amount of noise and artifacts of XPCDs, it might be hard to segment 
the KES image if a conventional gray-level tomographic reconstruction with subsequent thresholding is applied. 
Discrete tomography could be beneficial in this case, since it focuses on the reconstruction of objects that con-
sist of only a few different materials. Ideally, a CT reconstruction of such a sample should contain only one gray 
level for each of its components. By exploiting this property within the reconstruction algorithm, the produced 
images typically contain fewer artifacts since gray levels are concentrated towards a limited number of values or 
strictly enforced towards only two gray values, so to ease the separation of the background from the features of 
interest. Thanks to this, a limited number of projections is usually enough to produce adequate images and this in 
principle favors a reduction of the delivered radiation dose or the acquisition time.

In order to verify the performances of the Pixie-III detector for KES tomographic imaging with polychro-
matic sources, the localization of clusters of Barium nanoparticles in a breast cancer mouse model is considered 
in this work. Breast cancer is the most common cancer in women worldwide and nanoparticles can enhance 
the contrast for further imaging. In addition, it is speculated that nanoparticles might enhance the efficiency of 
radiation therapy, due to their x-ray absorbing characteristics, which can increase the local radiation dose while 
lowering undesired dose deposition (Retif et al 2015).

Preliminary results were already reported in Brun et al (2018, 2019) where test objects were used and in Di 
Trapani et al (2018), Di Trapani et al (2020), where the benefits of the energy resolution of the Pixie-III detector 
were assessed. The quantification of Ba nanoparticles in a breast cancer mouse model reported in this article is 
validated against a reference image acquired at a synchrotron radiation source. The final result is an effective lab-
based technology for an automated 3D mapping of a specific element.

2.  Materials and methods

2.1.  Test objects
Three different polypropylene 350 µl small tubes were prepared: one filled with an Iodine-based solution (Bayern 
Ultravist©—93 mg ml−1), a second one filled with a BaCl2 (Carlo Erba Reagents—122 mg ml−1) solution and 
another one filled with de-ionized water. The K-edge value for I is 33.2 keV and for Ba is 37.4 keV. This simple test 
object was first considered to optimize the values of the detector energy thresholds by analyzing simple planar 
radiographic images. A sketch of this test object is reported in figure 1. Then a second test object composed of 
polypropylene 350 µl small tubes filled with different dilutions of BaCl2 (Carlo Erba Reagents) and de-ionized 
water was prepared. It was designed to be considered for CT imaging in order to assess the minimum detectable 
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concentration of Ba. A sketch of this second test object with the considered dilutions of BaCl2 with water is 
reported in figure 2.

2.2.  Biomedical sample
Tumor growth is induced by the injection of 1 × 106 H8N8 breast cancer cells directly into the breast tissue 
of a female WAP-T mouse. The mouse has been sacrificed 4 weeks after injection of the tumor cells. Barium 
nanoparticles were injected directly into the tumor one day before sacrificing the mouse. The tumor and 
the surrounding tissue were excised, fixated and embedded in a standard paraffin block commonly used for 
histological analysis. All animal procedures were performed in accordance with European guidelines (2010/63/
EU) and approved by the corresponding ethics institutions (administration of Lower Saxony, Germany, license 
No. 33.9-42502-04-18/3022).

2.3.  SR µ-CT acquisition and reconstruction
Synchrotron radiation (SR) imaging was performed at ID17 beamline of the European Synchrotron Radiation 
Facility (ESRF, Grenoble—France) in order to take advantage of a high flux x-ray beam monochromatized 
thanks to a double Si(1 1 1) Laue monochromator (Suortti et al 2000). Monochromatic settings at 36.5 keV and 
38.5 keV, respectively were applied for the KES CT image acquisition. A PCO-edge 5.5 camera (detector pixel 
size  =  6.5 × 6.5 µm2) was used in combination with a 1:1 optics (Mittone et al 2017). The exposure time was 
50 ms and 2.000 projections were collected. Parallel beam filtered back projection reconstruction was applied to 
get the reconstructed volume at a voxel size of 6.5 × 6.5 × 6.5 µm3. The high-resolution volume will be further 
used in future studies where a comparison with histology will be performed. In this application, it was down-
scaled with averaging to produce a high-quality reference image having a nominal voxel size of 52 × 52 × 52 µm3, 
ready to further registration and comparison with the lab-based image. A ROI of the registered image is reported 
in figure 3 together with its segmentation by thresholding.

2.4.  KES laboratory imaging setup
A micro-focus Hamamatsu x-ray source (tube voltage: 20 to 90 kV, tube current: 0 to 200 µA, maximum output: 
8 W, focal spot size: 5 µm) and a CdTe Pixirad-I/Pixie-III detector (Bellazzini et al 2013, 2015) (sensitive area: 
31.7 × 25.0 mm2 organized as a 512 × 402 pixels on a square matrix at 62 µm pitch) were used. The detector was 
configured in Neighbor Pixel Inhibit - Pixel Summing Mode (NPISUM) (Di Trapani et al 2018): in this case the 
hit event is allocated to the pixel receiving the highest fraction of the total deposited energy and after that the 
signals of the pixels in the 4-connected neighborhood are summed up to correctly evaluate the total energy.

The linearity of the Pixirad-I detector (mainly limited by the dead time of the electronics) has been already 
investigated (Delogu et al 2016) by varying the impinging photon up to its paralyzation. The results indicate 
that the system remains linear up to 1×105 counts per pixel per second. Information about the energy response, 
i.e. the ratio between detector counts and number of impinging photons, as a function of energy and of dis-
criminator thresholds, is also reported in Delogu et al (2016). Moreover, noise and efficiency of Pixie-III has 
been assessed in Di Trapani et al (2018) where the benefits of the NPISUM mode are discussed. In addition, the 
energy resolution of Pixie-III with the NPISUM mode varies from 13.0% to 8.2% in the range 26 keV–50 keV (Di  
Trapani et al 2020).

Figure 1.  Sketch of the test object used to optimize the settings of the detector energy thresholds by considering planar 
radiographs. It is composed of three pipettes filled with: an I-based (Bayern Ultravist©—93 mg ml−1) solution; a BaCl2 (Carlo Erba 
Reagents—122 mg ml−1) solution and a reference small tube filled with deionized water. (Ba K-edge  =  37.4 keV, I K-edge  =  33.2 keV).
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Thanks to its two programmable energy thresholds Elow and Ehigh, the detector outputs in a single exposure 
two images (see figure 6), hereafter referred as to ‘low’ (in the energy range [Elow,Ehigh]) and ‘high’ (in the range 
[Ehigh,+∞]). The logarithmic digital subtraction of the two images is then performed to get the KES image, i.e. 
an image where only the desired element is supposed to give strictly positive gray levels. More precisely, this image 
is the difference of the logarithms of the (normalized) photon counts, i.e. IKES = log(IK+)− log(IK−), where IK+ 
and IK− are the (flat-corrected) acquired ‘high’ and ‘low’ images, respectively.

2.5.  KES-CT laboratory imaging: geometry, pre-processing and reconstruction
The parameters used in the cone-beam CT geometry are: distance source-to-object DSO  =  200 mm, distance 
source-to-detector DSD  =  250 mm, 720 projections over 360 degrees in ‘step and go’ mode with 10 repetitions 
per angle. The inherent magnification of the cone beam geometry gives a nominal voxel size of the reconstructed 
images of approximately 50 × 50 × 50 µm3.

Since 10 repetitions were collected, three different datasets were derived in order to simulate different acquisi-
tion statistics. In a first case, the 10 repeated images were averaged. In the second case, only 5 images were con-
sidered for the averaging. A single image (no averaging) was also considered for a third ‘low statistics’ dataset. 
Similarly, to simulate different angular sampling, projections were decimated to a factor 4 (i.e. 180 projections) 
and 12 (i.e. 60 projections), respectively. Thus, in total, 9 different acquisition protocols were considered.

Due to limitations of the charge recovery hardware algorithm of Pixie-III, a few unpredictable hot/dead pix-
els were observed in the acquired projection and they have to be handled before the reconstruction process since 
they would produce severe streak and ring artifacts. A custom automatic detection and removal non-linear filter 
was used to compensate for these defective pixels. This filter considers a 5×5 neighborhood and its median gray 
value m. If the absolute difference between the gray-level of the central pixel and m is above a user-specified fixed 
threshold δ, the value of the central pixel is then replaced. The replaced value is not m but it is the median of the 
set composed by the pixels that satisfy the previous condition, i.e. having the absolute difference between their 
gray level and m below the threshold.

Figure 2.  (a) Sketch of the test object prepared for CT imaging and used to assess the minimum detectable concentration of Ba. 
(b) Order and composition of the considered pipettes as will result from an axial CT slice.

(a) (b)

Figure 3.  ROI of the (a) registered SR-KES reference image and (b) its segmentation. The considered gray level threshold was 
computed as the t = 5σ  where σ is the standard deviation of the gray levels in the background. (The scale bar is 2 mm).

Phys. Med. Biol. 65 (2020) 055016 (10pp)
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Since ring artifacts in the final reconstructed images might still occur, effective ring removal solutions were 
included. After conventional reconstruction of the KES dataset with the cone-beam FDK (Feldkamp, Davis and 
Kress) (Feldkamp et al 1984) algorithm, an implementation of one of the ring removal filters reported in Brun 
et al (2013) was used. The considered method corrects ring artifacts after tomographic reconstruction and it 
takes advantage of the observation that ring artifacts become straight vertical lines by transforming the input 
image into polar coordinates where the center of the ring artifacts is assumed as the center of the Cartesian-to-

(a) (b)

Figure 4.  KES (flat-corrected) radiographs of the considered test object composed of small tubes filled with a solution of I, Ba and 
H2O (see figure 1). For both images the x-ray source settings are the same, i.e. voltage  =  50 kV and 1 mm of Al filter. The detector 
energy thresholds are: (a) Elow  =  28.0 keV, Ehigh  =  33.5 keV; (b) Elow  =  28.0 keV, Ehigh  =  38.0 keV. (The scale bar is 5 mm.)

Figure 5.  (a) Plot of the considered x-ray spectrum with superposition of the adopted detector energy thresholds. (b) Plot of 
the contrast-to-noise ratio (CNR) of the different planar KES images by considering different values for the detector Ehigh energy 
threshold. A ROI within the Ba small tube and a ROI within the background have been considered for the computation of the CNR.

Figure 6.  Tomographic axial slice (512 × 512 pixels) of the considered test object for CT (see figure 2): (a) low-energy image; (b) 
high-energy image; (c) resulting KES image where only the Ba content within the small tubes results highlighted. Resulting isotropic 
voxel size is 50 × 50 × 50 µm3. The same window/level gray-value settings are used for the three images. (The scale bar is 5 mm).

Phys. Med. Biol. 65 (2020) 055016 (10pp)
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polar conversion (Brun et al 2009). A de-striping filter (Oimoen 2000) is therefore applied prior to the inverse 
transformation.

2.6.  Image comparison
The SR reference image (having nominal voxel size of 52×52×52 µm3) has been co-registered (affine registration) 
with respect to the proposed lab-based CT volume reconstructed with FDK having nominal voxel size of  
50×50×50 µm3, in order to propose a voxel-by-voxel quantitative comparison. As mentioned in the introduction, 
the global gray level threshold has been set to t = 3σ where σ is the standard deviation of the gray levels in a 
background ROI. Figure 3 reports this reference image. After that the segmentation error has been evaluated by 
assessing the number of true positives (TP), false positives (FP) and false negatives (FN) with respect to the SR 
reference thresholded image. These values were combined in the Jaccard index ε = TP/(TP + FP + FN).

2.7.  Discrete reconstruction
Discrete reconstruction with the TVR-DART (Zhuge et al 2016) algorithm was applied to the proposed lab-
based KES image. The code publicly available here: https://github.com/astra-toolbox/ContributedTools was 
used. TVR-DART is capable of providing more accurate reconstruction than existing algorithms under noisy 
conditions from a small number of projection images and/or from a small angular range (Zhuge et al 2016). 
Non-negativity constraints were added in order to get at the end a reconstructed volume where non-zero voxels 
represent the map of Barium in the considered sample. As done for the conventional reconstruction, 9 different 
acquisition protocols were considered. The amount of non-zero voxels has been quantified and a segmentation 
error was determined against the thresholded SR reference image for each of the considered datasets. Again, the 
the number of TP, FP, and FN, as well as ε were determined.

(a) 1 (b) 1/2 (c) 1/10

(d) 1/4 (e) 1/8 (f) 1/40

(g) 1/12 (h) 1/24 (i) 1/120

Figure 7.  ROI of an axial slice of the KES image of the considered biomedical sample reconstructed with conventional FDK when 
using: (first row—(a)–(c)) 720 projections; (second row—(d)–(f)) 180 projections; (third row—(g)–(i)) 60 projections and (first 
column—(a), (d), (g)) projection averaging with 10 images; (second column—(b), (e), (h)) projection averaging with 5 images; 
(third column—(c), (f), (i)) no projection averaging. The reduction factor of the total photon flux with respect to the dataset with 
highest statistics is reported in each subcaption. (The scale bar is 2 mm).

Phys. Med. Biol. 65 (2020) 055016 (10pp)
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3.  Results and discussion

Figure 4 reports two different planar KES images of the test object used for the optimization of the values for 
the detector energy thresholds. It can be easily noticed that different detector settings produce different KES 
images with the same input x-ray spectrum. An extremely fine tuning of the x-ray spectrum combined with the 
values for the energy thresholds will be explored with more details in future works, being in general application-
dependent. In this work, the maximization of the KES signal was used as the criterion for the selection of the 
energy thresholds. The following settings result in a reasonable trade-off for the detection of Ba: x-ray tube voltage 
V  =  50 kV, current  =  160 µA, 1 mm Al filter, exposure time  =  1 s, detector energy thresholds Elow  =  28.0 keV, 
Ehigh  =  38.0 keV. The x-ray spectrum as produced by the considered x-ray tube was first simulated via SpekCalc 
(Poludniowski 2007, Poludniowski and Evans 2007, Poludniowski et al 2009). An experimental measure was 
performed by means of a CdTe Amptek x-ray spectrometer in order to validate the simulation. Unlike the 
simulated one, the recorded spectrum is affected by the Cd and Te K-edges, thus better representing the expected 
behaviour of Pixie-III. Results are reported in figure 5(a). The simulation gives an estimated entrance dose of 
0.176 mGy at the sample per collected radiograph with the considered setup.

The value for Elow should be, in principle, close enough to the value of Ehigh but an adequate photon statistics 
is required in the ‘low’ image and therefore it has to be shifted towards lower energies. In this work Elow  =  28 keV 
was assumed as set. Its position was not fine tuned, being less critical than Ehigh. The values for Ehigh result from the 
optimization presented in figure 5 based on a so-called threshold scan, i.e. different acquisitions with the same 
Elow value and increasing Ehigh values. The resulting KES images were analyzed by considering a ROI within the 
Ba small tube. The Ehigh value for which the ROI average value resulted maximum was chosen as optimal value. 
Due to the finite energy resolution of the detector, different criteria for the positioning of Ehigh might be adopted. 
Instead of maximizing the KES signal, a slight shift of Ehigh towards higher (or lower) energies might be preferred 
in order to avoid contamination with materials having a K-edge lower than (or higher than) the target material.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 8.  ROI of an axial slice of the KES image of the considered biomedical sample after conventional FDK reconstruction and 
thresholding with threshold t = 3σ  where σ is the standard deviation of the gray levels in a background ROI. The segmentation 
was performed on the FDK reconstructed images when using: (first row—(a)–(c)) 720 projections; (second row—(d)–(f)) 180 
projections; (third row—(g)–(i)) 60 projections and (first column—(a), (d), (g)) projection averaging with 10 images; (second 
column—(b), (e), (h)) projection averaging with 5 images; (third column—(c), (f), (i)) no projection averaging.

Phys. Med. Biol. 65 (2020) 055016 (10pp)
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Figure 6 reports an axial slice of the test object used for CT imaging and to assess the minimum detectable 
concentration of Ba. The images result from the acquisition protocol with the highest statistics (projection aver-
aging over 10 image and 720 projections). The advantages for further image segmentation and quantification 
are visible in the KES image where only Ba contents give a positive gray-value and all the other elements become 
indistinguishable from the background (the latter having ideally gray level 0). Although a fine assessment of the 
minimum detectable concentration of Ba goes beyond the purposes of this article, it is implicit that a localization 
of Ba contents above a certain concentration is feasible with the proposed settings. It is also reasonable to infer 
that with higher photon statistics also much lower concentrations of Ba can be identified.

Figure 7 shows a ROI of an axial slice of the lab-based KES images by considering different acquisition statis-
tics. These gray level images can be visually compared with figure 3(a) where the reference SR (downscaled and 
registered) KES image is presented. Although a good agreement with the reference image can be visually noticed, 
a quantitative comparison is required to better comment the differences. The images reported in figure 7 have 
been segmented via thresholding with threshold t = 3σ where σ is the standard deviation of the gray levels in 
a background ROI. Then, a segmentation error has been evaluated. Figure 8 reports the segmented images and 

table 1 presents the results of the quantitative comparison with the SR image.
The results presented in table 1 show the difficulties of an automated segmentation with threshold t = 3σ  

(where σ is the standard deviation of the gray levels in a background ROI) when reducing the acquisition statis-
tics. The values for the Jaccard index decrease coherently with the reduction of the statistics. It is worth noticing 

Table 1.  Quantitative analysis of the FDK plus thresholding images compared to the SR reference image.

Averaging over 10 Averaging over 5 No averaging

TP (%) FP (%) FN (%) ε (—) TP (%) FP (%) FN (%) ε (—) TP (%) FP (%) FN (%) ε (—)

720 proj. 7.08 0.47 4.34 0.60 4.45 0.15 6.97 0.38 1.72 0.06 9.70 0.15

180 proj. 3.68 0.23 7.75 0.32 1.98 0.09 9.44 0.17 0.28 0.02 11.14 0.02

60 proj. 0.80 0.03 10.62 0.07 0.36 0.01 11.06 0.03 0.02 0.01 11.41 0.01

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 9.  ROI of an axial slice of the KES dataset reconstructed with TVR-DART (direct binary reconstruction) when considering: 
(first row—(a)–(c)) 720 projections; (second row—(d)–(f)) 180 projections; (third row—(g)–(i)) 60 projections and (first 
column—(a), (d), (g)) projection averaging with 10 images; (second column—(b), (e), (h)) projection averaging with 5 images; 
(third column—(c), (f), (i)) no projection averaging; 
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that these values are far from 1 even for the highest statistic image. This is due to the fact that subtle concentra-
tions of Ba are identified in the ground truth SR image thanks to its extremely high spatial, contrast and energy 
resolution. These concentrations are hidden by the background noise in the lab-based images. Moreover, the 
quantitative values are worsened by the unavoidable image registration process required by this voxel-by-voxel 
quantitative comparison. It is implicit that other reconstruction algorithms such as iterative approaches might 
have been considered since they are widely recognized as beneficial in the case of high noise and sparse views. 
However, many of these require the fine tuning of one or more regularization parameters and/or a proper assess-
ment of the number of iterations. These aspects are in general application-dependent.

In order to go towards a low-dose localization of a specific element, the TVR-DART algorithm has been 
applied to the considered datasets. Figure 9 reports the same ROI for a reconstructed image (direct binary recon-
struction) when considering the different acquisition protocols. The results of the quantitative comparison with 
the SR image are presented in table 2. It can be noticed that the values for the Jaccard index fluctuates around 
an average value when considering all the TVR-DART cases from 720 projections with averaging to the volume 
reconstructed with 60 angles and without projection averaging. This confirms that TVR-DART is a robust dis-
crete tomography reconstruction method and it performs adequately also when a reduced number of projec-

tions is considered.
With the proposed laboratory system based on a conventional x-ray source and the Pixie-III detector, KES 

imaging is possible and, above a certain concentration, a reliable localization and quantification of a contrast 
medium is feasible. The performances of the polychromatic KES approach are inferior to those of synchrotron 
radiation imaging, but the single-shot lab-based nature of the proposed system is a key advantage for all the prac-
tical applications where motion artifacts and radiation dose are a concern. When the final goal is a binary map 
where only the contrast agent results highlighted, lab-based KES imaging combined with discrete tomography 
is a promising valuable tool. Among the others, TVR-DART was chosen for its automatic parameter estimation 
property. The only parameter that has to be specified is the number of materials to identify which is always 2 
(element and background) for the case of KES imaging. This state-of-the-art parameter-free discrete reconstruc-
tion algorithm allows for a significant reduction of the number of acquired projections. This, in addition to the 
single-shot approach, suggests that a low-dose 3D mapping of a contrast agent is in principle possible. In this 
work, considering the simulated entrance dose per projection, a total of 10.6 mGy was estimated for the case 
of the dataset with lowest statistics (60 projections). Therefore, it is reasonable to state that in vivo applications 
could be conceived.

4.  Conclusion

K-edge subtraction (KES) tomographic imaging using lab-based polychromatic sources and photon counting 
detectors is attractive, since conventional x-ray tubes can be considered instead of e.g. synchrotron sources. 
Provided that a x-ray photon counting detector with at least two counters (or thresholds) is available, a single-
shot low-dose approach is feasible. This leads to perfectly co-registered images and potential in vivo applications 
without motion artifacts and the need of image registration. The energy resolution of the Pixie-III detector was 
found to be adequate for practical applications such as the volume quantification of clusters of Ba-nanoparticles 
in a breast cancer mouse model. Although limitations in image quality of CdTe photon-counting detectors still 
remain, a fundamental contribution comes from refined image pre-processing and discrete reconstruction. An 
easy-to-access lab-based technology for a routine 3D elemental mapping of a contrast medium ready for further 
morphological quantification is therefore available.
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Table 2.  Quantitative analysis of the TVR-DART images compared to the SR reference image.

Averaging over 10 Averaging over 5 No averaging

TP (%) FP (%) FN (%) ε (—) TP (%) FP (%) FN (%) ε (—) TP (%) FP (%) FN (%) ε (—)

720 proj. 6.67 1.62 4.75 0.51 6.81 1.89 4.62 0.51 6.41 1.38 5.02 0.50

180 proj. 6.98 2.16 4.44 0.51 6.07 0.47 5.35 0.51 6.06 1.21 5.36 0.48

60 proj. 6.15 0.76 5.28 0.50 7.59 1.08 3.84 0.61 6.77 1.46 4.66 0.53
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