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1. Introduction

The K-edge Subtraction (KES) X-ray imaging technique exploits the sharpfrise 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 atreither
side of the K-edge of the element to be detected and it can be applied toyplanar
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 structuresthave 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 ¢ slightly above
the background noise — such as e.g. ¢t > 30 where o 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 byra synchrotron radiation
(SR) source brings the experimental KES performances ¢lose to the theoretical limits
in terms of image quality [1]. The technique is quantitative and'it allows for the
detection of very subtle concentrations of a known element with limited radiation dose
[2]. However, the scarce availability of suitable SR sources limis a broad application
of this technique and therefore KES imaging with nonésynchrotron sources is of great
interest [3]. Since a conventional X-ray tube,has a polychromatic spectrum, it would
be desirable to obtain spectral or multi-energy images [4]in a single shot by separating
the spectrum in at least two parts (below and above the K-edge of an element). X-
ray Photon Counting Detectors (XPCDs) [5][6]swhich are equipped with a real time
multi-threshold discrimination system are'¢apable of acquiring perfectly co-registered
data over multiple energy bins in a singlesscan.

The potential applications of spectral‘imaging are well known [4], such as e.g.
virtual monochromatic imaging, virtual non-contrast exams and scans with much lower
doses of contrast medium. Uunlike 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 ¢hargé shafing problem [5] 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 [7] in order to compensate for noise and artifacts.

Based on gsimulations wusing solutions containing different concentrations of
gadolinium and iodine [8,/9], K-Edge computed tomography with XPCDs has been
already proved to.be a promising technique to map contrast agents in tissues. CdTe
detectorsare the most widely used solution in this field [10] and several optimizations
have been presented through the last decade |11}12].

This'work presents the single-shot K-Edge Subtraction Computed Tomography
(KES-CT) techiique where the innovative Pixie-IIT detector [13][14] is used combined
with discreté 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) sensitivity.
These @wo images are here combined with refined image processing as well as a
state-of-the-art discrete tomography [15] [16] reconstruction algorithm named Total
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Variation Regularized - Discrete Algebraic Reconstruction Technique (TVR-DART)
[17]. 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 [18-20]. 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 [19]sr When
considering the CT case, due to the inherent amount of noise and artifacts of PCXDs,
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 objectsthat consist
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 tofease,the separation of the
background from the features of interest. Thanks to this, ‘@ 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 acquisitionitime.

In order to verify the performances of /the Pixie-IN detector for KES
tomographic imaging with polychromatic 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. Imyaddition, it is speculated that
nanoparticles might enhance the efficiency of radiation therapy, due to their X-ray
absorbing characteristics, which can increaserthe local radiation dose while lowering
undesired dose deposition [21].

Preliminary results werezalready reportedyin [22}23] where test objects were used
and in [24125], where the benefits of the energy resolution of the Pixie-IIT detector
were assessed. The quantification of Ba nanoparticles in a breast cancer mouse model
reported in this article is validated againstya reference image acquired at a synchrotron
radiation source. The final result.is an effective lab-based technology for an automated
3D mapping of a specificielement.

2. Materials and Methods

2.1. Test objects

Three different polypropylene 350 ul small tubes were prepared: one filled with an
Iodine-based “solution (Bayern Ultravist(©)— 93 mg/ml), a second one filled with a
BaCl, (Carlo Erba Reagents — 122 mg/ml) solution and another one filled with de-
ionized water./Thed-Edge value for I is 33.2 keV and for Ba is 37.4 keV. This simple
test objectwas 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 Fig. Then a second test object composed of polypropylene 350 pl small tubes
filledvwith different dilutions of BaCly (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 concentration of Ba. A sketch of this second test object with the
considered dilutions of BaCly with water is reported in Fig.
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V] >)
\K/ H,0 X-ray detector
Figure 1. Sketch of the test object used to optimize the s S detector

energy thresholds by considering planar radiograp.

pipettes filled with: an I-based (Bayern Ultravis solution; a
BaCly (Carlo Erba Reagents — 122 mg/ml) soluti nce small tube
filled with deionized water. [Ba K-edge = 37.4 3.2 keV].

1) BaCl, 61 mg/ml
2) BaCl, 8 mg/ml
3) BacCl, 31 mg/ml

4) H,0
@ 5) BaCl, 15 mg/ml

axial CT slice

X-ray beam an

-ray detector

NI

(a) (b)
Figure 2. e test object prepared for CT imaging and used to
assess the able concentration of Ba. b) Order and composition of

e injection of 1x10% H8NS breast cancer cells directly
a female WAP-T mouse. The mouse has been sacrificed 4
e tumor cells. Barium nanoparticles were injected directly

Tumor growth i
into the brea

uidelines (2010/63/EU) and approved by the corresponding ethics
dministration of Lower Saxony, Germany, license No. 33.9-42502-04-
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2.3. SR u-CT acquisition and reconstruction

Synchrotron Radiation (SR) imaging was performed at ID17 beamline of the Eutopean
Synchrotron Radiation Facility (ESRF, Grenoble - France) in order to take advantage
of a high flux X-ray beam monochromatized thanks to a double Si(111)sLaue
monochromator [26]. 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 = 6.5x6.5 pm?) was used in combination with a 1:1 optics [27]. The exposure
time was 50 ms and 2.000 projections were collected. Parallel beam filtered back
projection reconstruction was applied to get the reconstructed volumesat a voxel size
of 6.5%6.5%6.5 ym?3. The high-resolution volume will be further usedin futuresstudies
where a comparison with histology will be performed. In this applicatiens’it was down-
scaled with averaging to produce a high-quality reference image having amominal
voxel size of 52x52x52 pm?, ready to further registration and comparison with the
lab-based image. A ROI of the registered image is reported{in Fig. [3| together with
its segmentation by thresholding.

(b)

Figure 3. ROIVof the (a) registered SR-KES reference image and (b) its
segmentation. The considered gray level threshold was computed as the t = 50
where o is the standard deviation of the gray levels in the background. [The scale
bar is 2 mmj N

2.4. KES laboratoryfimaging,setup

A micro-focus Hamamatsu X-ray source (tube voltage: 20 to 90 kV, tube current: 0 to
200 pA, maximam output: 8 W, focal spot size: 5 pm) and a CdTe Pixirad-I/Pixie-IIT
detector [13,/14] (sensitive area: 31.7x25.0 mm? organized as a 512x402 pixels on a
square matrix at'62 pm/ pitch) were used. The detector was configured in Neighbor
Pixel Inhibit - Pixel Summing Mode (NPISUM) [24]: 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 gorrectly evaluate the total energy.

The linearity of the Pixirad-I detector (mainly limited by the dead time of the
electronics) has been already investigated [28] by varying the impinging photon up
to its paralyzation. The results indicate that the system remains linear up to 1x10°
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
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and of discriminator thresholds, is also reported in [28]. Moreover, noise and efficiency
of Pixie-IIT has been assessed in [24] where the benefits of the NPISUM mode aré
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 [25].

Thanks to its two programmable energy thresholds Eiqy and Epsen, the détector
outputs in a single exposure two images (see Figure @), hereafter referred as to
“low” (in the energy range [Eiow,Enign]) and “high” (in the range [Epign,+00]). 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. Ixgs = log(Ix+) — log(Ix—), whete Tx. 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 geometrysare: “distance source-to-
object Dgo = 200 mm, distance source-to-detector Dgp’ = 250 mum, 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 mominal voxel size of the
reconstructed images of approximately 50x50x5041m?.

Since 10 repetitions were collected, three different/datasets were derived in order
to simulate different acquisition statistics. An a first case, the 10 repeated images were
averaged. In the second case, only 5 images were considered 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.160.projections), respectively. Thus, in total,
9 different acquisition protocols were comsidered.

Due to limitations of the charge recovery. hardware algorithm of Pixie-III, a few
unpredictable hot/dead pixelswere observed in the acquired projection and they have
to be handled before the reconstruetion 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 5x5 neighborhood
and its median gray value'm. Ifsthe absolute difference between the gray-level of the
central pixel and m is above a' usersspecified fixed threshold §, 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 theirigray level and m below the threshold.

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) [29] algorithm, an
implementation of one of the ring removal filters reported in [30] was used. The
considered methodd corrects ring artifacts after tomographic reconstruction and it
takes advamtage of the observation that ring artifacts become straight vertical lines
by transformingithe input image into polar coordinates where the center of the ring
artifacts is dssumed as the center of the Cartesian-to-polar conversion [31]. A de-
striping filter [32] is therefore applied prior to the inverse transformation.

Page 6 of 16
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2.6. Image comparison

The SR reference image (having nominal voxel size of 52x52x52 pm?®) has been co-
registered (affine registration) with respect to the proposed lab-based CT volume
reconstructed with FDK having nominal voxel size of 50x50x50 pm?, in order to
propose a voxel-by-voxel quantitative comparison. As mentioned in the introduction,
the global gray level threshold has been set to ¢ = 30 where o is the standard deviation
of the gray levels in a background ROI. Fig. [3] reports this reference imdage. After
that the segmentation error has been evaluated by assessing the number of true
positives (T'P), false positives (FP) and false negatives (FN) withrespeet to the
SR reference thresholded image. These values were combined in the Jaceard index
e=TP/(TP+ FP+ FN).

2.7. Discrete reconstruction

Discrete reconstruction with the TVR-DART 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@nd /or from a small angular range
. Non-negativity constraints were added in order toget atithe end a reconstructed
volume where non-zero voxels represent the map of Barium in the considered sample.
As done for the conventional reconstructiony 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'mumber of TP, FP, and FN, as well as € were
determined.

(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 Fig.
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) Ejow = 28.0 keV, Eyjgh
= 33.5 keV; b) Ejy = 28.0 keV, Epjgh, = 38.0 keV. [The scale bar is 5 mm.]

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
XeraySpectrum. An extremely fine tuning of the X-ray spectrum combined with the
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X-ray spectrum and detector thresholds

Optimization of Ehlgh value

1 0.130
simulated
measured 0.125 F
=08 Cd K-Edge Te K-Edge |
=1 ! L
H (26.7 keV) (318 kev) 0120
2 3
c 0.6 L,
3 5 0.115
h =
o =
Soal 20.110 4=
g Partial residual £
g energy 0.105 |
0.2
0.100 & Ji 1
. ‘ ~
ow' | high®
0 : 0.095 : : .
0 10 20 30 40 50 60 35 36 37 38 39 40
Energy [keV] Ehigh value [keV]
(a) (b)
Figure 5. (a) Plot of the considered X-raySpectrum withsuperposition 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 Epjgn energy threshold. A ROI withinythe Ba small tube and a ROI

within the background have been considered for the computation of the CNR.

L

A S

Figure 6. Tondographic axial slice (512x512 pixels) of the considered test object
for CT (see Fig. [2); a) low-energy image; (b) high-energy image; c) resulting
KESdmage where only the Ba content within the small tubes results highlighted.
. The same window/level gray-

Resulting isotropic voxel size is 50x50x50 pm?

() (c)

value settings are used for the three images. [The scale bar is 5 mm]

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 eriterion for the selection of the energy thresholds. The following
settings result in a reasomable trade-off for the detection of Ba: X-ray tube voltage
V =450 kV, current = 160 pA, 1mm Al filter, exposure time = 1 s, detector energy
thresholds Ejfgw = 28.0 keV, Epjgh = 38.0 keV. The X-ray spectrum as produced by
the'considered X-ray tube was first simulated via SpekCalc [33H35]. An experimental
measure:was performed by means of a CdTe Amptek X-ray spectrometer in order to
validatéithe 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-

Page 8 of 16
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(d) /4 (e) Vs () 1/20

(g) /12 o (h) 1/24 | (i) 1120

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,b,c) 720
projections; (second row - d,e,f) 180 projections; (third row - g,h,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 faetor of the total photon flux with respect to the
dataset with highest statistics is reported in each subcaption. [The scale bar is 2
mm)]

II1. Results are reported in Fig. [Bh. The simulation gives an estimated entrance dose
of 0.176 mGy at the sample per collected radiograph with the considered setup.

The value fortEjey, should be, in principle, close enough to the value of Eyjgn but
an adequate photon statistics is required in the “low” image and therefore it has to
be shifted towards lower energies. In this work E., = 28 keV was assumed as set.
Its positionswas not_fine tuned, being less critical than Epjen. The values for Epign
result from the optimization presented in Fig. |5 based on a so-called threshold scan,
i.e. different/acquisitions with the same Ejo value and increasing Epjen values. The
resulting KES images were analyzed by considering a ROI within the Ba small tube.
Th¢ Eyign 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 Ep;.n, might be adopted. Instead of maximizing the KES signal, a
slight shift of Epign 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
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(h) (1)

Figure 8. ROI of an axialslice of the KES image of the considered biomedical
sample after conventional FDK reconstruction and thresholding with threshold
t = 30 where o is the standard deviation of the gray levels in a background ROI.
The segmentation wasiperformed on the FDK reconstructed images when using:
(first row - a,bs€) 720 projections; (second row - d,e,f) 180 projections; (third
row - g,h,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 - ¢4f}i) no projection averaging.

target material.

Figure [6] reportsian 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 averaging over 10 image and
720 projectionis). The advantages for further image segmentation and quantification
are visible<dnrthen 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 statistics. These gray level images can be visually compared

Page 10 of 16
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®

Figure 9. ROI of an axial slice of the KES dataset reconstructed with TVR-
DART (direct binary reconstruction) when considering: (first row - a,b,c) 720
projections; (second row - d,e,f) 180 projections; (third row - g,h,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;

N

with Fig. where the reférence 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"Fig. [7|have been segmented via thresholding with threshold t = 30
where o is the standard deviation of the gray levels in a background ROI. Then, a
segmentation error has been evaluated. Figure [§| reports the segmented images and
Table [1| presentsithe results of the quantitative comparison with the SR image.

The aesults presented in Table show the difficulties of an automated
segmentation avithahreshold ¢ = 30 (where o is the standard deviation of the gray
levels in ‘abackground ROI) when reducing the acquisition statistics. The values for
the Jaccard index decrease coherently with the reduction of the statistics. It is worth
noticing that these values are far from 1 even for the highest statistic image. This
is due.to the fact that subtle concentrations of Ba are identified in the ground truth
SR imagethanks 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
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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 assessment of the number of iterations. These aspe¢ts are
in general application-dependent.

In order to go towards a low-dose localization of a specific element, ther TVR-
DART algorithm has been applied to the considered datasets. Figure [9reports the
same ROI for a reconstructed image (direct binary reconstruction) when considering
the different acquisition protocols. The results of the quantitative comparison withthe
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 60sangles and
without projection averaging. This confirms that TVR-DART is a robust discrete
tomography reconstruction method and it performs adequatelyralso when a reduced
number of projections 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 confrast. 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 practical 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 thesothers, 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. Thissstate-of-the-artparameter-free discrete reconstruction
algorithm allows for a significant,reduction of the number of acquired projections.
This, in addition to the singlesshot 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, atotal of 10.6 mGy was estimated for the case of the
dataset with lowest statigbics (60" projections). Therefore, it is reasonable to state that
in vivo applications could befeonceived.

4. Conclusion

K-Edge Subtraetion (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

Page 12 of 16
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further morphological quantification is therefore available.
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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 [%] <] hIP %] FP (% FN [% <[] | TP [% FP[% FN[% <[]

720 proj. 7.08 0.47 4.34 0.60 445 0.15 6.97 0.38 1.72 0.06 9.70 0.15
180 proj. 3.68 0.23 7.75 0432 12)8 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 1141 0.01

Table 2. Quantitative analysis of the TVR-DART images compared to the SR reference image
averaging over 10 averaging over b no averaging

TP [%] FP [%] WEN [%] <[] | TP [%] FP [%] FN[%] <[] | TP %] FP [%] FN [%] €[]

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

N
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