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Abstract—The aim of this study is to investigate the effeatf
edge-enhancing diffusion (EED) denoising on the gliy of dual
energy CT images, derived by varying the weightingf the two
spectra (0.1 to 0.9, 0.1 step). The quality of EE@enoised
weighted images was quantitatively assessed by meaof SNR,
contrast and CNR measured on ROIs of phantom images
corresponding to 14 mg/ml iodine concentration andbone
equivalent. The performance of the EED denoising thnique
was further compared to the performance of medianikering.
EED improves significantly the quality of weightedimages.

I. INTRODUCTION

images are reconstructed. The low kV images prdsgher
subject contrast, however image noise is highemeoed to
the 140 kV images. A way to decrease noise at 8(skid
increase the tube current, but the radiation dosst mot
exceed the permitted levels. Another way is by doing
the 80 kV and 140 kV images, using a linear weightbf
the CT value of two spectra, in order to balance high
contrast and high image noise of the 80 kV imagdh wie
low image noise of the 140 kV [2]. As the weightifagtor
of the 80 kV image increases, so does the CT vahe
contrast in the weighted (fused) image.

DUAL Energy Computed Tomography (DECT) is one of Studies have shown that contrast is maximum when th
the evolving fields in radiology. Among the possibl 0.9 and 0.1 weighting of the 80 and 140 kV images,used,

applications of DECT, is the ability to enhance tcast of
iodinated structures [1]. The basis of DECT isuke of two
x-ray spectra of different energies. The lineaeraiation
coefficient of a material depends on the energythaf
spectrum, the density of the material and its atomimber.
In the energy range used in radiology, the two npdiysical
processes responsible for the attenuation of riadigrough
matter are, photoelectric effect and Compton scafftee
cross section per atom for photoelectric effeceriamttion
strongly depends on energy/*) and atomic numberZf),

respectively [3]. However, signal-to-noise ratioN@® and
contrast-to-noise ratio (CNR) have been shown thigker
in images produced with 0.5 or 0.6 weighting fa¢&j/[4].

The aim of this study is to investigate the effetedge-
enhancing diffusion (EED) denoising on the quald§
DECT images derived by varying the weighting of the
spectra (low and high kV images).

II. MATERIAL AND METHODS

while the cross section per atom for Compton scatte A Dataset and acquisition protocol

interaction depends on atomic numb&h (Hence, material

In this study the CT scanner used is the Siemensafon

differentiation can be achieved by using DECT an®efinition, which is a dual source and dual enelgy

especially between materials of high and low atomoimber,
e.g. iodine, which is used as a contrast agér3) and soft
tissue [1].

Today DECT can be achieved with different technasy
one of them is the dual source CT (DSCT) scannhighw
has two x-ray tubes, operating at 80 and 140 kitages. A
DECT scanner acquires two projection datasets fégrdnt
energies. Then, more commonly, low and high kiltageé
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system. The phantom used is a Mini CT QC phantordeaino
76-430. The disc section consists of a 2.54 cnktaarylic
polymethylmethacrylate (PMMA) disc, with a 15.25 cm
diameter containing six large holes of 2.85 cm @itanand
four smaller of 1.27 cm diameter. The disc sectien
attached to a rectangular acrylic bar containinigiracopper
wire embedded along a central grove. The four shwlks
contained four water solutions of Optiray 350 (Isad), of
concentrations 3.5, 7, 10 and 14 mg/ml. Optiray 8@
sunstance used as contrast agent in CT scans, iditieem
of it provides 350 mg/ml of organically bound io€inThe
phantom also contained materials such as, polyatbyl
tissue equivalent of compact bone, polycarbonaggonn
plastic water and polystyrene (Figure 1). The pbimntvas
scanned with the DSCT in dual energy mode. Duafggne
head angio analysis was performed, with tube ctiier
product values at 213 mAs and 50 mAs, for low aigh h
kV, respectively.
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Fig. 1. Sketch of the scanned phantom. The poim@itrials were studied.

Low and high kV images, as well as weighted (fusedges
were reconstructed. The weighted images are destiiy
the following equation:

X=W- X + L= W) Xig €h)

where w is the dual energy composition (or weighting

In case the diffusion tensor is constant over thele
image domain, the diffusion is characterizemnogeneous,
while a space-dependent filtering is cali@titomogeneous.

In addition, diffusion which does not depend on tbeal
properties of the image is calléidear, otherwise it is called
nonlinear.

Anisotropic models are introduced in applicatioreve it
is desirable to rotate the flux towards the origota of
features of interest. Edge-enhancing and coherence-
enhancing diffusion are non linear anisotropic udifbn
filtering techniques, introduced by Weickert [5].eWkert
based the diffusion tensor on the structure tenatich
describes structures in the image using first oddgivative
information.

In this study, an edge-enhancing diffusion (EED)
techniqgue was designed to smooth noise, while exihgn
edges in 2D axial slice images [6]. Assuming thatandu,
are the eigenvalues of the eigenvectdfs and V, of the
structure tensor, respectively, the size of themiglue and

factor), x denotes the CT value in the weighted image an@le eigenvector determine the magnitude and tteetitin of
Xow and Xsg, are the CT values of the low and high kVthe gray level fluctuation.

image, respectively [1]. In the current study, vixégl
images were provided by varying the value of thégtting
factorw from 0.1 to 0.9, with 0.1 step.

B. Edge-enhancing diffusion denoising technique

Diffusion is a physical process that
concentration differences without creating or dmghgy
mass. The equilibration property is expressed bl '&iaw:

j=-D-Vu

The equation states that a concentration gracdNéicauses
a flux j which aims to compensate for this gradiéhts the
diffusion tensor, which is a positive definite systnic

matrix. The case wherejand Vuare parallel is
characterized as isotropic.

The mass preservation statement in diffusion isesged by
the continuity equation:

N __givj
ot

The diffusion equation is given by substitutinfom Fick’s
law in the continuity equation:

ou

—=div(D-V 4
- iv( u) (4)

In image processingu represents the
concentration differences can be identified as gralue
differences.

equilibrates 4 =

)

Since the diffusion tensor should reflect the loicadge
structure, it must correspond to the same setgafneiectors.
The eigenvalues of the EED tensor are defined as:

1

-C
L dwi T (gt o)
2o, =1

where C=3,31488 is a threshold parametéV,us| is the

gradient magnitude of the image at a scaland /. is a
contrast parameter, indicating at which contrastgradient
magnitude represents an edge instead of noisect@tes

with |Vus| > ) are regarded as edges, for which —0,

hence diffusion is inhibited in this direction, etlise 1
—1, and diffusion is not inhibited [5],[6].

A coherence-enhancing diffusion (CED) techniquea}
not considered in the current study, since CEDesghed to

(3) enhance line-like textures. Furthermore, sinceirtheges in

this study do not present line-like textures, a GEEhnique
is not applied.

The parameters of the EED algorithm were set
suggested in state-of-the-art literature [6]. Sfeadly, the
standard descretization scheme was chosen, the stiepe
size was set at 0.15, while scalevas set at 1. The number
of iterations and.were experimentally set at 12 and 0.0025,
respectively.

as

image and



C. Quantitative evaluation

The acquired CT DICOM original weighted images weréespectively (Figure 4).

converted to PNG images. The mean and standardtatevi
(o) pixel CT values were measured at circular regiohs
interest (ROIs) of the same size corresponding wo t
materials, 14 mg/ml iodine concentration and bon
equivalent material, as well as to PMMA part of gihentom
disc, considered as background. The signal-to-noasie
(SNR), contrast and contrast-to-noise ratio (CNRyrev
calculated using the following formulas, respedtive

SR MeAN VAl oy 6)
O—material
Contrast = meanvalue, .y — Meanvalue,, . oma ()
CNR = meanval UE, preria — MEAN val U€,ackground (8)

O-background

EED denoising filtering was applied on the original
weighted images. The quality of the processed imaugs
also assessed by means of SNR, contrast and CNgureda
on the same ROIs corresponding to iodine solubong and
background.

Finally, the performance of EED denoising was coraega
to the performance of median filtering (applied tre
original weighted image), by calculating SNR, Castrand
CNR indices on the same ROlIls (iodine solution, band
background).

. RESULTS

Figures 2-4 illustrate the differentiation of SNRontrast
and CNR measured on original, median filtered afDE
filtered weighted images, with respect to the wiighfactor

w of the two spectra. Results are provided for the t
materials studied (iodine solution and bone).

As observed in Figure 2, the optimal SNR value fo

original and EED filtered weighted images is achiwith
the 0.5 weighting factor, for both materials coeséatl. The

weighting factor of 0.8 and 0.7, for iodine and épn
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Fig. 2. SNR of the original, median filtered andEEltered weighte
images for (a) iodine solution and (b) bone, fortla¢ weightedmage:

optimal SNR value for median filtered weighted ireags
differentiated with respect to the material degicteeing 0.8
for iodine and 0.4 for bone.

As observed in Figure 3, iodine and bone contrast g
original, median filtered and EED filtered weightedages
is linearly increased as the weighting factor isréased.
Contrast remains constant on original and proce@sedian
and EED filtered) weighted images, for all valudstloe
weighting factor considered in the current studye highest
contrast value is achieved with 0.8 and 0.9 weighfactors
for both materials.

The optimal CNR value for original weighted imagss

studiec.
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achieved with a weighting factor of 0.7 for bothterals,
while the corresponding optimal CNR value for medéend
EED filtered weighted images is achieved employeg

Fig. 3. Contrast ofthe original, median filtered and EED filte
weighted images for (a) iodine solution and (b)daydor all the weighted
images studie.
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Fig. 4. CNR ofthe original, median filtered and EED filtered whiec
images for (a) iodine solution and (b) bone, fdrtla¢ weightedmage:
studied.

%

TABLE |

INCREASE OF SNR ON DENOISED WEIGHTED IMAGES AS

COMPARED TO ORIGINAL ONES, FOR THE IODINE SOLUTION

AND BONE.
weighting lodine Bone

factor Median EED Median EED
0.1 17.€ 73.2 20.7 99.€
0.2 17.9 565 21.t 99.1
0.2 17.€ 58.C 23.2 93.2
0.4 10.9 65.6 22.3 98.4
0.5 15.1 93.5 14.2 103.2
0.6 17.5 69.9 18.3 93.2
0.7 13.5 89.9 18.1 67.8
0.8 24.7 95.8 15.3 62.9
0.6 183 93.¢ 174 645

TABLE Il

%

INCREASE OF CNR ON DENOISED WEIGHTED IMAGES AS

COMPARED TO ORIGINAL ONES, FOR THE IODINE SOUTIONND

BONE.
weighting lodine Bone

factor Median EED Median EED
0.1 23.C 823 23.0 827
0.2 20.4 125.¢ 206 1254
0.2 10.2 107.3 10.1 1073
0.4 8.7 70.2 8.6 70.0
0.5 14.3 47.0 14.3 47.0
0.6 17.4 56.5 17.2 56.4
0.7 11.9 71.5 11.9 71.2
0.8 135 77.C 13.t 77.2
0.6 131 66.9 13.1 66.€

Table | provides the % increase of SNR on denoised
weighted images (by means of median and EED fitgras

compared to original ones, for iodine solution &ode. The
average % increase of SNR index on the denoiseghbezl
images as compared to the original ones is 18réral0.9-
24.7) for the median filtering technique and 82range:
56.5-103.2) for the EED filtering technique.

Table Il provides the % increase of CNR on denoised
weighted images (by means of median and EED filtgras
compared to original ones, for iodine solution &ode. The
average % increase of the CNR index on the denoised
weighted images, as compared to the original oise$4.7
(range: 8.6-23.0) for the median technique and (&g&ge:
47.0-125.4) for the EED filtering techniques.

IV. DiscussiON ANDCONCLUSIONS

The current study focused on investigating theceffef a
EED denoising technique on the quality of DECT iemg
DECT weighted images were provided by varying thue
of the weighting factow from 0.1 to 0.9, with 0.1 step. The
quality of denoised images was quantitatively asss
employing contrast, CNR and SNR image quality rostri
measured on ROIs corresponding to 14 mg/ml iodine
concentration and bone equivalent. The performan&tD
filtering was further compared to the performantenedian
filtering.

The EED filtering technique improved significantilye
quality of DECT images for all weighting factors thie two
spectra (low and high kV images) studied. In additithe
EED filtering demonstrated an increased performaase
compared to the median filtering.

While the current study has to be enhanced corisgler
testing on clinical datasets and non-linear weightf the
two spectra, results suggested the potential of B&fising
in improving quality of DECT images.
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