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A B S T R A C T

In the clinical computed tomography (CT) examinations, a photon is attenuated as it passes a patient by tissues
and contrast agents (CAs). The CAs can increase the visibility of internal structures or fluids within the patient. In
this work, we have investigated the photon interaction parameters of some CT contrast agents such as iotrolan,
iodixanol, iohexol, ioxilan, ioversol, and iomeprol. The mass attenuation coefficients (μ ρ/ ) of these contrast
agents have been determined using Geant4 code in the energy range from 1 keV to 1MeV for total photon
interaction. The validity of the Geant4 code was verified by comparing the simulation results with those cal-
culated by the XCOM program. A very good agreement was observed between μ ρ/ values obtained by both
Geant4 and XCOM codes. The μ ρ/ values were then used to estimate the effective atomic numbers (Zeff ) and
electron densities (Neff ) for the selected CT contrast agents. It was found that the values of μ ρ/ , Zeff and Neff
depend on the photon energy and increase with increasing iodine concentration in the composition of CAs. Also,
the Zeff values were observed in the range of 6–50 and the Neff values were observed in the range of 2 – 21 (1023

electron/g). The present study would be helpful to develop new CT contrast agents to serve in vivo imaging
applications.

1. Introduction

A contrast agent contains at least one heavy element with high K-
edge energy (e.g., barium or iodine) that provides greater absorption
and scattering of photons in a target tissue. Therefore, the radiologist
has to choose a certain contrast agent knowing its attenuation features
and balancing them with the clinical interests for an accurate diagnosis.
Over the past 10 years, there is a tremendous attention among re-
searchers to investigate the properties of the CAs in order to increment
the quality of CT scans as well as to provide the maximum safety for the
patient (Bae, 2010; Caschera et al., 2016; Lusic and Grinstaff, 2012;
Berger et al., 2017). The contrast agents can be categorised according to
their structure as; monomer and dimer (Lee et al., 2013; Caschera et al.,
2016). Also, they can be classified according to their charge as; ionic
and nonionic (Bae, 2010). The ionic contrast agents have toxicity more
than nonionic contrast agents that currently use in CT scan (Thomsen
et al., 2014).

One way to study the photon interaction with matter is Monte Carlo
(MC) simulation method. The MC method is a widespread technique to
simulate the track structures and the electromagnetic processes in
specific material, especially by using Geant4 (Agostinelli et al., 2003),
MCNPX (Sayyed et al., 2019a) and FLUKA (Sharma et al., 2019)

programs. By MC method, one can predict the experimental results
especially when the experiments are rarely implemented. Furthermore,
the simulation model provides flexibility to apply the wanted scenario
in software environment without the difficulties of the experiment. The
literature was enriched by several successful publications based on
different Geant4 codes (Al-Buriahi and Rammah, 2019). Francis et al.,
studied electrons, protons and alpha particles as they pass through
water by using Geant4 simulations (Francis et al., 2011). Shimizu et al.,
compared the experimental cross section values of water for protons
with the results of Geant4 (Shimizu et al., 2009). Bordage et al., in-
vestigated the novel models for electrons in water by Geant4 simula-
tions (Bordage et al., 2016). Singh has considerable studies for de-
termination of attenuation coefficients by Geant4 toolkit for
thermoluminescent agents, nuclear track detectors and some polymers
(Singh et al., 2014, 2015a, 2015b, 2015c).

The studies of photon interaction with matter in terms of mass at-
tenuation coefficient (μ ρ/ ), effective atomic number (Zeff ), and electron
density (Neff ), led to develope many materials for various applications
(Erik et al., 2019; Kilicoglu et al., 2019; Tekin et al., 2019). In medical
field, the knowledge about how the photons beam interacts with tissues
and tissue equivalents leads to progress the clinical diagnosis by the CT
scan (Kurudirek, 2014a, 2014b; Singh and Badiger, 2013). Also, gamma
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shielding materials (concrete, glass, alloy. ans .etc) were investigated in
the terms of photon interaction parameters elsewhere (Sayyed et al.,
2017; Issa et al., 2018; Kurudirek et al., 2018; Gaikwad et al., 2018).
However, although the contrast agents are integral part of medical
imaging and dose calculation (Choi et al., 2006; Ramm et al., 2001),
such studies for the CT contrast agents are completely missing in lit-
erature. Consequently, A full understanding of the photon interaction
with these contrast agents has is to be achieved.

In the present work, the CT contrast agents have been studied for
the first time in terms of the attenuation parameters (μ ρ/ , Zeff , Neff ). For
this purpose the Geant4 simulations were carried out to determine the
mass attenuation coefficients for the samples at energies from 1 keV to
1MeV. The simulated values were compared to the theoretical results of
XCOM program. The μ ρ/ values were used to calculate the effective
atomic numbers and the electron densities for the CT contrast agents
involved. To mimic the real scans, the effective atomic numbers relative
to water were also calculated. Moreover, the effect of iodine con-
centration on the attenuation parameters and the behaviour of the at-
tenuation parameters at the absorption edges of iodine were also dis-
cussed.

2. Materials and methods

Names, chemical compositions and weight fractions of elements for
the selected CT contrast agents are listed in Table 1. The more knowl-
edge about these contrast agents can be found elsewhere (Caschera
et al., 2016; Lee et al., 2013; Thomsen et al., 2014).

2.1. Geant4 simulation code

The geometry of Monte Carlo simulation has been arrangement by
using Geant4 as mentioned in (Tonguc et al., 2018; Aşkın et al., 2019;
Sayyed et al., 2019b). The photons have been gunned from mono-
energetic source to hit a slab of the samples. Then, the transmitted
photons have been recorded by using sodium iodide (NaI) detector.
Lead (Pb) has been used to collimate gamma source and to shield the
used detector. The energy source has been defined in the range of 1
keV-1 MeV. Also, the CT contrast agents have been modeled with re-
spect to their atomic number, mass number and weight fractions of the
elements. The energy cut-off has been set to 2.93 keV and 106 photons
have been shooted for each sample at every energy separately. Geant4
simulations have carried out to determine the μ ρ/ for the CT contrast
agents involved by using the transmission method based on Beer–-
Lambert law ( = −I I et

μ x
0 m ), where I0 is the incident intensity and It is the

transmitted intensity, μm is the mass attenuation coefficient and x is the
thickness of the absorber in unit of g/cm2. XCOM program was also used
to compute the μm for the samples involved. This program is based on
the mixture rule (μm = ∑i wi (μ )m ) (Al-Buriahi et al., 2019). This
method is widely used in literature to calculate the attenuation coeffi-
cients for different materials (Tonguc et al., 2018).

2.2. Effective atomic number (Zeff ) and electron density (Neff )

Zeff of the photon interaction can be obtained by using the mass

Table 1
Name, chemical formula and weight fractions of elements for the selected CT
contrast agents.

Name Formula H C N O I

Iotrolan C H I N O37 48 6 6 18 0.02975 0.27327 0.05168 0.17709 0.46821
Iodixanol C H I N O35 44 6 6 15 0.02861 0.27118 0.05421 0.15482 0.49118
Iohexol C H I N O19 26 3 3 9 0.03191 0.27792 0.05117 0.17536 0.46364
Ioxilan C H I N O18 24 3 3 8 0.03058 0.27328 0.05312 0.16179 0.48123
Ioversol C H I N O18 24 3 3 9 0.02997 0.26786 0.05206 0.17841 0.47170
Iomeprol C H I N O17 22 3 3 8 0.02854 0.26276 0.05407 0.16471 0.48992

Fig. 1. Mass attenuation coefficients as a function of photon energy for the CT
contrast agents by Geant4 simulations.

Fig. 2. Comparison between the mass attenuation coefficients determined from
Geant4 simulations and those obtained from XCOM program for the CT contrast
agents.

Fig. 3. Typical example of the partial attenuation processes in the case of io-
dixanol in the energy range between 1 keV and 1MeV using Geant4 package.
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attenuation coefficient of the contrast agents ( μ( )m CA). The μ( )m CA va-
lues have been used to calculate the total molecular cross section (σm)
by using the equation (Kurudirek, 2017),

=σ M
N

μ( )m
A

m CA (1)

where = ∑M n Ai i i is the molecular weight of the contrast agents, NA is
the Avogadro's number, ni and Ai is the total number of atoms and the
atomic weight of ith element in the contrast agent. The effective atomic
cross section (σa) has been also determined by the following relation
(Sayyed et al., 2019c),

∑=
∑

= =
∑

σ
μ

N w A N
f A μ σ

n
( )

/
1 ( )a

m CA

A i i i A i
i i m i

m

i i (2)

where fi is the fractional abundance of the each constituent element for
the contrast agents, providing that ∑ =f 1i i . Similarly, effective elec-
tronic cross section (σe) is given by the equation (Turhan et al., 2019),

∑= =σ
N

f A
Z

μ σ
Z

1 ( )e
A i

i i

i
m i

m

eff (3)

where Zi is the atomic number of ith element in the contrast agent.
Thereafter, one can obtain the effective atomic number Zeff as (Sayyed
et al., 2019c),

=Z σ
σeff

a

e (4)

The effective electron densities are also calculated from the values

of Zeff as (Tekin et al., 2019):

=
∑

N N
nZ

n A
electrons g( / )eff A

eff

i i i (5)

Another useful parameter is the effective atomic number relative to
water (ZRWeff ) that usually used to mimic the scan in human body.
ZRWeff values have been obtained by the ratio (Tekin et al., 2019):

=ZRW
Z

Z
( )

( )eff
eff CA

eff water (6)

A single-valued effective atomic numbers (ZXeff ) were directly cal-
culated by using XMuDat software based on the equation (Nowotny,
1998):

∑= − −ZX α Z( )eff
i

i i
m m1 1/( 1)

(7)

where αi is the fractional number of the electrons of the ith element and
m is a constant between 3 and 5. Also, from the chemical formula of the
CT contrast agents, one can calculate the mean atomic number, <Z>

such as <Z> = ∑ n Z n/i i i .

3. Results and discussion

Fig. 1 shows the mass attenuation coefficients obtained from Geant4
simulations for the CT contrast agents in the energy region between
1 keV and 1MeV. It is clear that the behaviour of the mass attenuation
coefficients strongly depends on the photon energy and the chemical

Table 2
Effective atomic number (Zeff ) and Effective electron density ( ×N 10eff

23

electron/g) values for total photon interaction for iomeprol, ioversol and iox-
ilan.

Iomeprol Ioversol Ioxilan

E (MeV) Zeff Neff Zeff Neff Zeff Neff

1.00E-03 19.830 8.144 19.143 8.141 19.572 8.343
1.04E-03 20.162 8.281 19.463 8.277 19.901 8.483
1.07E-03 20.202 8.297 19.501 8.294 19.942 8.501
1.07E-03 20.599 8.460 19.885 8.457 20.334 8.668
1.50E-03 22.552 9.262 21.773 9.260 22.277 9.496
2.00E-03 24.092 9.895 23.271 9.897 23.811 10.150
3.00E-03 26.234 10.775 25.367 10.788 25.949 11.062
4.00E-03 27.763 11.403 26.873 11.429 27.476 11.712
4.56E-03 28.476 11.696 27.578 11.728 28.188 12.016
4.56E-03 40.039 16.445 39.288 16.709 39.807 16.969
4.70E-03 40.339 16.568 39.598 16.841 40.111 17.098
4.85E-03 40.555 16.657 39.822 16.936 40.330 17.192
4.85E-03 43.072 17.691 42.440 18.049 42.879 18.278
5.00E-03 43.322 17.793 42.701 18.160 43.132 18.386
5.19E-03 44.484 18.271 43.919 18.678 44.312 18.889
5.19E-03 43.453 17.847 42.837 18.218 43.265 18.443
6.00E-03 45.004 18.484 44.464 18.910 44.839 19.114
8.00E-03 45.692 18.767 45.188 19.218 45.533 19.410
1.00E-02 46.025 18.903 45.539 19.367 45.862 19.550
1.50E-02 45.769 18.798 45.270 19.253 45.560 19.421
2.00E-02 44.379 18.227 43.809 18.631 44.084 18.792
3.00E-02 39.303 16.143 38.527 16.385 38.791 16.536
3.32E-02 37.345 15.338 36.511 15.528 36.772 15.675
3.32E-02 49.101 20.167 48.813 20.760 48.907 20.848
4.00E-02 47.525 19.519 47.136 20.046 47.249 20.141
5.00E-02 44.635 18.332 44.085 18.749 44.227 18.853
6.00E-02 41.245 16.940 40.541 17.242 40.712 17.354
8.00E-02 34.075 13.995 33.171 14.107 33.371 14.225
1.00E-01 27.663 11.362 26.721 11.364 26.915 11.473
1.50E-01 17.447 7.166 16.707 7.105 16.830 7.174
2.00E-01 12.799 5.257 12.256 5.212 12.323 5.253
3.00E-01 9.388 3.856 9.029 3.840 9.047 3.856
4.00E-01 8.277 3.399 7.985 3.396 7.985 3.404
5.00E-01 7.795 3.201 7.533 3.204 7.525 3.208
6.00E-01 7.548 3.100 7.302 3.105 7.290 3.107
8.00E-01 7.308 3.002 7.078 3.010 7.062 3.010
1.00E+00 7.199 2.957 6.976 2.967 6.958 2.966

Table 3
Effective atomic number and Effective electron density ( ×N 10eff

23 electron/g)
values for total photon interaction for iohexol, iodixanol and iotrolan.

Iohexol Iodixanol Iotrolan

E (MeV) Zeff Neff Zeff Neff Zeff Neff

1.00E-03 18.910 8.321 19.932 8.208 19.027 8.102
1.04E-03 19.227 8.460 20.268 8.346 19.345 8.238
1.07E-03 19.266 8.477 20.309 8.363 19.384 8.255
1.07E-03 19.645 8.644 20.708 8.527 19.765 8.417
1.50E-03 21.523 9.471 22.684 9.341 21.648 9.219
2.00E-03 23.014 10.127 24.241 9.982 23.143 9.855
3.00E-03 25.104 11.046 26.403 10.872 25.237 10.747
4.00E-03 26.604 11.706 27.942 11.506 26.742 11.388
4.56E-03 27.305 12.015 28.659 11.801 27.447 11.688
4.56E-03 39.061 17.188 40.193 16.551 39.180 16.685
4.70E-03 39.373 17.325 40.491 16.673 39.491 16.817
4.85E-03 39.599 17.424 40.706 16.762 39.716 16.913
4.85E-03 42.247 18.590 43.202 17.790 42.348 18.034
5.00E-03 42.511 18.706 43.450 17.892 42.611 18.146
5.19E-03 43.745 19.249 44.601 18.366 43.837 18.668
5.19E-03 42.648 18.766 43.580 17.945 42.749 18.204
6.00E-03 44.294 19.490 45.116 18.578 44.387 18.902
8.00E-03 45.012 19.806 45.795 18.858 45.117 19.213
1.00E-02 45.343 19.952 46.121 18.992 45.471 19.364
1.50E-02 44.961 19.784 45.849 18.879 45.203 19.250
2.00E-02 43.316 19.060 44.444 18.301 43.735 18.625
3.00E-02 37.595 16.543 39.341 16.200 38.433 16.366
3.32E-02 35.460 15.603 37.375 15.390 36.411 15.506
3.32E-02 48.443 21.316 49.113 20.224 48.778 20.772
4.00E-02 46.603 20.506 47.533 19.573 47.089 20.053
5.00E-02 43.296 19.051 44.640 18.382 44.019 18.745
6.00E-02 39.516 17.388 41.247 16.985 40.459 17.229
8.00E-02 31.844 14.012 34.071 14.030 33.068 14.082
1.00E-01 25.333 11.147 27.655 11.388 26.618 11.335
1.50E-01 15.579 6.855 17.433 7.178 16.634 7.084
2.00E-01 11.374 5.005 12.783 5.264 12.208 5.199
3.00E-01 8.376 3.685 9.370 3.858 9.004 3.834
4.00E-01 7.414 3.262 8.258 3.401 7.968 3.393
5.00E-01 6.999 3.080 7.776 3.202 7.520 3.202
6.00E-01 6.787 2.986 7.529 3.100 7.291 3.105
8.00E-01 6.582 2.896 7.290 3.002 7.069 3.010
1.00E+00 6.488 2.855 7.180 2.957 6.967 2.967
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composition of the CT contrast agents studied. The μ ρ/ values of a given
CT contrast agents rapidly minify with increasing the photon energy
due to the partial photon interactions (e.g. photoelectric effect,
Compton scattering, .ect.). On the other hand, the chemical composi-
tion dependence can be noticed by glancing to the zooming part in
Fig. 1. For example, the ascending order of the studied CT contrast
agents according to the weight fraction of iodine in the molecule is as:
iohexol (0.464%), iotrolan (0.468%), ioversol (0.472%), ioxilan
(0.481%), iomeprol (0.490%), iodixanol (0.491%). Then, One can dis-
tinguish the chemical composition dependence of mass attenuation
coefficients for the CT contrast agents at a given energy. Such that the
iodixanol (the red line in Fig. 1) with the highest concentration of io-
dine (0.491%) has the highest values of the mass attenuation coeffi-
cients.

The Geant4 simulation data of the mass attenuation coefficients has
been compared with the theoretical values of XCOM program in Fig. 2.
It is clear that there is a satisfactory agreement between the simulation
results and the theoretical values at the commonly used diagnostic
energies < 400 keV, while the maximum discrepancies of 23 % have
been observed at 400 keV. Furthermore, almost the all XCOM values
come bigger than the simulation results. These discrepancies reflect the
effect of the chemical composition of the CT contrast agents and the
mixture rule method (Medhat and Singh, 2014). By the looking to these
discrepancies between the simulation results and theoretical values, it is

Fig. 4. Effective atomic number (Zeff ), effective atomic number relative to water (ZRWeff ), single-valued effective atomic number (ZXeff ) and mean atomic number
(<Z>) for the total photon interaction of the CT contrast agents.

Fig. 5. Effective atomic number (Zeff ) of the CT contrast agents with different
concentration of iodine at different photon energies.

M.S. Al-Buriahi and B.T. Tonguc Radiation Physics and Chemistry 166 (2020) 108507

4



recommended to use the simulation values. The reason is that although
the uncertainty of the theoretical XCOM values is (5%) (Hubbell, 1979,
1999; Hubbell et al., 1975), the Geant4 simulation has uncertainties
about (3%) and also has several respective strengths if comparing to
NIST-XCOM database (Amako et al., 2005).

The μ ρ/ results from the partial photon interactions as shown in
Fig. 3 in the case of iodixanol. It is clearly seen that the total attenuation
(or μ ρ/ ) is largely, but not exclusively, dependent on the photoelectric
interaction. In Fact, this attenuation results from three categories of
photon interaction according to entire energy region considered. The
coherent interaction is most likely to occur in very low energies but its
contribution is minor and neglected if comparing with the contribution
of the photoelectric interaction. As photon energy increases the prob-
ability of Compton interaction grows up and this interaction dominates
the attenuation process at intermediate photon energies (E > 0.2MeV).
It is worth mentioning that the photoelectric is more preferable in
medical applications due to the photoelectric interaction depends on
the atomic number of the absorbing object and the Compton interaction
depends on the electron density. Also, the Compton interaction is un-
desirable effect in medical images as well as in radiotherapy because of
that the ejected photon may scatter in all directions and this causes the
decrease in the contrast of images and increase in rasdiation dose to
patients. The photoelectric interaction is the dominating mechanism in
low photon energies where the binding energies (absorption edges) of
most elements take place. Thus, when the photoelectric interaction
occurs at those energies the sharp peaks appear reflecting the existence
of two values of the attenuation parameter at the same energy. These
peaks become more obvious at the binding energy for the relatively
high atomic number elements (e.g. iodine).

The present of iodine in the studied CT contrast agents influences all
the attenuation properties (μ ρ/ , Zeff , and Neff ), such that two values of
μ ρ/ , Zeff , and Neff have been observed at the absorption edges of iodine
as shown in Figs. 1, 4 and 6. Also, Tables 2 and 3 are included the
values of iodine absorption edges that are (M1=1.07 keV),
(L3=4.56 keV), (L2= 4.85 keV), (L1=5.19 keV) and
(K=33.17 keV).

It can be noticed that there are significant jumps at absorption edges
of L3 and K due to that the probability of the photoelectric effect be-
comes high for the inner electrons which are very close to nucleus. The
effective atomic number Zeff that have been calculated from chemical
composition and μ ρ/ of the CT contrast agents, is shown in Fig. 4. The
variation of Zeff with energy confirm the idea of Hine who noticed that
the atomic number of the multi-element agents is not constant but varys
with energy (Hine, 1952). The energy dependence of Zeff can be ex-
plained by the partial photon processes. The Zeff values increase in the

region of low energies (1 keV–40 keV) with a sudden jumps at the ab-
sorption edge of iodine due to the major contribution of photoelectric
effect in this region.

The maximum value of Zeff occurs at iodine K-edge (33.2 keV) for all
the CT contrast agents studied. After that, the dominance of Compton
scattering leads to diminish the Zeff values. In Fig. 4, the effective
atomic numbers of the CT contrast agents have been compared with
ZRWeff , <Z>, and ZXeff . The ZRWeff values have a weak variation versus
the photon energies, such that they do not pass up to 12. The <Z> are in
good agreements with lower Zeff values while the ZXeff approach to the
higher values of Zeff . For example in the case of iomeprol, The ZXeff
=41.72≈Zeff at the photon energies of 60 keV and 48 keV, while <Z>

=6.9≈Zeff at the photon energies ≥ 800 keV.
The effective atomic numbers have been plotted with respect to the

concentration of iodine in the CT contrast agents at different photon
energies as shown in Fig. 5. It can be easily seen that there is an increase
in Zeff values as the concentration of iodine increases. This is because of
the mole fraction of the high Z element (iodine) increased at the ex-
pense of the other low Z elements. Moreover, it is clearly that the ef-
fective atomic numbers decrease as the photon energy raises and this is
due to the high energy photons can penetrate deeply in the absorber
material (say a contrast agent) without making any interaction. As a
result of this, the maximum value of Zeff occurs at 33.2 keV in iodixanol
who has the highest concentration (0.491%) of iodine. The results of Neff
and NRWeff are shown in Fig. 6. It can be seen that the effective electron
densities vary from a higher value at lower energies to a lower value at
higher energies with a peak due to photoelectric effect near the K-ab-
sorption edge of iodine element in the contrast agent. In contrast, the
effective electron densities relative to water for all selected contrast
agents do not show strong energy dependence such that it takes values
between 0 and 4 along considered energy range. This behaviour of the
effective electron densities can be explained in a similar manner of the
effective atomic numbers due to the linear relation between Neff and
Zeff .

3. Conclusion

In this work, the photon interaction parameters of CT contrast
agents have been studied in the energy range between 1 keV and 1MeV.
The values of the mass attenuation coefficients have been extracted
from Geant4 simulations and compared with those calculated by the
XCOM program. A good agreement was observed between the results of
Geant4 and XCOM. The values of Zeff and Neff have been calculated and
compared with those of relative to water, single-valued, and mean
atomic numbers for each CT contrast agent. It was noted that both of

Fig. 6. Effective electron density (Neff ) and effective electron density relative to water (NRWeff ) for the total photon interaction of the CT contrast agents.
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Zeff and Neff have higher values at lower energies and lower values at
higher energies. The low values of Zeff are close to the mean atomic
numbers, while the high values of Zeff are close to single-valued of the
effective atomic numbers for the present CT contrast agents. Moreover,
it was found that the photon interaction parameters of the CT contrast
agents tend to increase with increasing iodine concentration.
Furthermore, the absorption edges of iodine influence the photon in-
teraction parameters, such that μ ρ/ , Zeff , and Neff possess two values at
those energies. It can be concluded that for CT scans applications the
selection of an appropriate contrast agent can be done based on data of
Zeff , Neff , consideration of iodine concentration and also, according to
the desired examination. The results were listed in tables because of
their potential importance
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