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ABSTRACT

Contrast agents in radiology improve visualisation and iodine-based ones are applied in differ-
ent radiology techniques. Energies, used in these techniques, vary in a very wide range. The energies
can be as low as 26 kVp in mammography and reach up to 140 - 150 kVp in computed tomography.
Dual-energy studies can also be applied. X-ray images of resin phantoms with iodine-based contrast
base are taken at different energies and the image pixel values of various regions of interest were
measured. Based on the performed measurements, the visual contrast between the studied different
areas is calculated and analysed. The obtained data are applied for the estimation of models for the
expected pixel values depending on the energies and the contrast agent quantities. These models can
be used to describe the real conditions, which differ from the applicable to theoretical calculations
ideal conditions.

Keywords: iodine-based contrast, radiology, X-ray image processing, breast cancer detection,

model-based approach.

INTRODUCTION

The contrast in medical imaging is used to
provide better visualisation. The iodine-based
contrast agents have been used in computed
tomography (CT) since many years. Typical
energies for the CT are from 70 - 80 kVp up
to 140-150 kVp [1, 2] and can be used in both
conventional systems [2] and dual-energy studies
[1]. The use of contrast agents is not only limited
to CT. Breast cancer detection in early stages

is of great importance but can be hindered by
dense tissues. In order to avoid this, contrast
agents can be used. Specialised mammography
studies date back to 1960s, the ones that include
contrast agents were introduced in 1970s and
techniques of contrast-enhanced dual-energy
mammography and single-energy temporal
subtraction mammography were developed later
[3-7].

The dose applied in contrast-enhanced dual-
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energy mammography is higher compared to the
conventional mammography but the estimation of
how much higher varies. In [4] it was considered
that the doses are higher in the range 20 - 50
% than the conventional, while others state
approximately 20 % [7 - 9] higher doses. The
lower energy settings in contrast enhanced dual-
energy mammography are typically in the range
of26 - 33 kVp and the higher energy settings are
in the range of 44 - 50 kVp [6 - 9].

In this study we analysed X-ray images of
iodine-based contrast agent in 10 pits in resin
phantom taken at different energies. Based on
the performed measurements in several regions
of interest (Rol), the visual contrast between the
studied different areas is calculated and analysed.
The obtained data are applied for the estimation
of models for the expected pixel values depending
on the energies and the contrast agent quantities.
These models can be used to describe the real
conditions, which differ from the applicable to
theoretical calculations ideal conditions.

EXPERIMENTAL

Five X-ray images of a phantom, printed
with Formlabs Clear resin and filled with the
commercially available iohexol-based contrast
agent, were used in the current study. 10 pits
on top of the phantom with depths from 0.1
mm to 1.0 mm are filled with the contrast
agent and irradiated with different energies.
Detailed modelling, materials selection with
resin similarity to soft tissues, phantom printing,
X-ray imaging and images themselves as
well as calculation kVp to keV, including the
approximation of the used in the study energy
range 50 kVp - 120 kVp with 32 keV - 49 keV
were reported previously in [10 - 12].

Regions of interest (Rol) were assigned on
the images (Fig. 1) - one Rol for each pit at each
energy and five Rol between the contrast object
rows at each energy. The correspondence in the
notations in Fig. 1 is the following: 1 - 1.0 mm,
2-0.9 mm, 3 - 0.8 mm, etc.

Fig. 1. Regions of interest (Rol) - for each pit
with iohexol-based contrast agent at each energy
and five background Rol between the contrast
object rows.

The mean (p, ) and the standard deviation (sp)
of the pixel values in each Rol were measured
using ImageJ [13]. The obtained results are
presented in Table 1.

RESULTS AND DISCUSSION

Theoretical visual contrast modelling
Lambert’s law provides relation between

light intensities of the incident beam, transmitted

radiation, pathlength and the absorption coefficient

of the medium [14]. In the described study, two

formulae are used:

¢ background:

=g —Hydy

Py |'_|‘l-

o

e iohexol-based contrast agent:

L — p-luyld,—d) +pgd]

Py

o

where u, and p, are the attenuation coefficients
correspondingly for the resin and the iohexol-
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Table 1. Rol mean and standard deviation of pixel values for different energies.

E 50 kVp 70 kVp 80 kVp 100 kVp 120 kVp
d* P, S P, S P, S P, S P, S
1.0 2637 123 2136 | ol.1 2064 | 60.7 | 2049 | 68.4 1968 | 63.8
0.9 2808 125 2294 | 47.6 | 2214 | 483 | 2206 | 649 | 2100 | 52.6
0.8 2805 112 2288 | 553 | 2214 | 443 | 2198 | 62.6 | 2092 | 45.7
0.7 2661 127 2165 57.9 | 2091 52.6 | 2088 | 66.9 1990 | 57.9
0.6 2255 116 1834 | 69.7 1783 65.6 1796 | 63.5 1720 | 59.9
0.5 2664 123 2151 62.1 2065 | 59.5 | 2092 | 66.6 1994 | 64.5
0.4 2771 129 2254 | 57.1 2183 51.5 | 2185 | 63.8 | 2082 | 46.9
0.3 2337 128 1912 | 649 1870 | 63.5 1898 | 679 1839 | 58.8
0.2 2732 122 2233 56.9 | 2155 | 54.5 | 2151 69.2 | 2043 62.1
0.1 2162 128 1769 | 69.2 1742 | 72.1 1758 | 75.3 1705 | 70.1
bl 1673 130 1399 | 73.5 1436 | 69.6 1495 | 659 1485 | 62.2
b2 1782 136 1494 | 68.6 1508 | 74.9 1544 | 63.2 1552 | 58.4
b3 1765 131 1514 | 64.5 1534 | 679 1573 71.8 1573 57.6
b4 1780 132 1501 64.1 1513 65.1 1529 | 694 1541 64.1
b5 1619 126 1383 81.4 1404 | 72.5 1493 66.3 1422 | 72.1

*d — pit depth, b — background (Fig. 1)

based contrast agent, d, is the thicknesses of
the phantom and d is the depth of the pit with
contrast agent. I is the intensity of the incident
beam at the top of the phantom, and I, and I, are
the intensities of the beam after passing through
the phantom, respectively, for the resin (I,) and
pits with contrast agent (I,).

Theoretical calculations for attenuation were
performed using data from the NIST XCOM
database [15], and materials approximations
based on [16] for the iohexol-based contrast agent
and [17] for the resin.

Regression models for the contrast agent
attenuation (p,, mm) and for the resin background
attenuation (u , mm™) were estimated based on
the available reference data. They are presented
in Table 2, together with their determination
coefficients R?. The attenuation of the contrast
agent was approximated with two separate
regression equations due to the iodine K-edge at
33.2keV (H21, fiz2). In the estimated models E ..

38

is the energy in ke V.
Energy inkVp (E,, ) equivalence to E, ,, was
calculated using TASMIP Spectra calculator [18].
The Weber contrast [19] is calculated by:

g~ [Haldy—d) +pad]

g—i1dy -1

The estimated theoretical model of C ,
depending on E, , and d is presented graphically
on the contour plot in Fig. 2.

Empirical visual contrast modelling
The visual contrast for every pit and at every
energy was calculated using the formula:

W = Ii —1
'{L "!-J.
The ratio between intensities was calculated by
the ratio between the mean pixel values of the Rol.
Regression models for p_ and < of the pit
area pixel values as functions of Exve and d are
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Table 2. Attenuation regression models.

Energy region, keV | Material Regression model R% %

20-33.2 Iodine — based agent fizy= 7458 —0.6251 E, , +0.018714 99.99
E . —0.000194E °

33.2-70 Iodine — based agent fizy= 7385031962 E,  +0.004923 99.94
E ,”—0.000026 E_°

2070 Resin Ay = exp(1.2975 - 0.23862 E,  + 99.93
0.003909 E, ,*—0.000022 E,_°)
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Fig. 2. Contour plot of the theoretical visual

contrast Cw, depending on the energy E [kVp]

and the pits depth d [mm)].

presented in Table 3 along with the corresponding
determination coefficients R%. The models are
given for dimensionless and coded in the region
[-1 - 1] factors and denoted as: energy - x, pit
depth — x,. The relation between the natural and
the coded (x)) factor values can be done by:

X = (Ekv;: - E‘5)/35, x, = (d — 0.55)/0.45,

The contour plots of B and §, for pit areas
are shown in Fig. 3 and Fig. 4. Both the highest
pixel values and the highest standard deviation
values are at the lowest energies. At these energies
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Fig. 3. Contour plot of the mean pixel values
(B,,) at the pit area.

the pit depths have small inflnence, if =ny.
Estimated models for Pm and *2 of the
background are shown in Table 3 along with the
corresponding determination coefficients R
The empirical visual contrast model is
presented graphically on the contour plot in Fig. 5.

Analysis of variance (ANOVA)

Intensities and therefore pixel values of the
images depend on energy and media. Due to the
beam geometry the background Rol closer to the
phantom edge are expected to have lower pixel
values. Two-way ANOVA analysis confirms
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Table 3. Regression models for the mean pixel values (pm) and the standard deviations (sp) of the pit

area and the background pixel values.

Parameter Regression model R?, %
2067.3644 + 237.68429x *- 315.41895x >+ 171.02548x 3 -
Pit area { 4 : ! 2 73.03
P 12551561X2

' 56.017447 + 16.485632x - 4.3549091x,+ 32.668748x >+ 95 65
Pitarea 5, 4.9090909x 2- 49.009374x } ‘

Background #._ 9.223x10" exp(-0.6686 E, ) + 1386 exp(0.0008122 E, . ) 92.81

Background &, 4.42x10™exp(0.2849 E,, ) + 149.1 exp(-0.01332 E, . ) 91.82

E, kVp

Fig. 4. Contour plot of the standard deviations
(8,) of the pixel values at the pit area.

these dependencies. The largest pixel values are
reached at energy 50 kVp, the differences of the
means are not significant at 100 and 120 kVp, as
well as at 70 and 80 kVp. The upper and the lower
positions bl and b5 differ significantly from the
centre background pixel mean values.
Similarly, two-way ANOVA analysis
confirmed dependency on the energy. The largest
pixel values are reached at energy 50 kVp. All
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Fig. 5. Contour plot of the empirical visual
contrast C , depending on the energy E [kVp]
and the pits depth d [mm)].

the differences of the pixel means at different
energies are significant. There is no significant
difference of the pixel means for some contrast
agent thicknesses. Moreover, the expected change
of systematic increase of the mean pixel value
with the increase of the contrast agent pit depth
is not observed. Therefore, these results are not
only due to the distance to the phantom edge but
are most likely influence also by the filling level.
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CONCLUSIONS

The models, based on theoretical dependencies
and experimental measurements, indicate several
important points. Coefficients of determination
of the empirical models for standard deviations
of the contrast and background, and background
pixel values are close to 1. The coefficient of
determination of the empirical model for pit areas
pixel values is not so high. The empirical model
for the pit areas is close to the theoretical model
only for the small depth pits and energies in the
range at and above 70 kVp. Further, the estimated
models suggested that the visual contrasts achieved
with a contrast agent were relatively smallC | =
0.7465 for the real images obtained with automated
exposure control. The maximal theoretical value
for the visual contrastis C = 2.36 and might
not be high enough for small objects.

Some of the sources for the differences
between real and theoretical results, such as the
materials properties, beam geometry, device
specifics, and noises, were already reported in
[12]. Calculations for the estimation of E, to
E,., also have certain approximations.

The estimated models, based on the real
images data, are a basis for a better description
of the real situation than the theoretical models,
which are relevant in ideal conditions. The models
can be used for contrast-enhanced technique
results prediction or after further development may
be used for optimisation of the dual energy settings.
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