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Introduction

Neuroendovascular treatments for intracranial aneurysms, 
such as coiling and stent placement, are safe, effective, and 
less invasive than surgical clipping. However, given that 
these treatments involve advancement of a catheter through 
a cerebral artery under fluoroscopic guidance, patients are 
inevitably exposed to radiation. Furthermore, the posi-
tional relationship between the cerebrovascular lesion and 
the catheter tip needs to be determined precisely; therefore, 
the number of fluoroscopy runs may be greater with neuro-
endovascular treatment than with routine angiographic 
examination. In line with the increased amount of radiation 
exposure, there is an increase in the amount of contrast 
medium used, which increases the risk of adverse 
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Objective: Neuroendovascular treatments are less invasive than surgical clipping. However, the number of fluoroscopy 
runs may be greater when a contrast medium is used than when routine angiography is performed. Several recent 
studies have suggested that an iodinated contrast medium causes an increase in the radiation dose. Therefore, it is 
clinically important to identify physical factors causing amplification of the radiation dose. The purpose of this study was 
to investigate how dilution of a contrast medium with water influences the amplification effect of the radiation dose using 
simulation analysis.
Methods: Three different types of commercially available contrast media, namely, iopamidol, iohexol, and iodixanol, 
were diluted 1.7–3.3 times with water and placed in the left brain parenchyma of a numerical brain phantom. Using the 
Monte Carlo simulation method, the phantom was exposed to X-ray beams under constant exposure conditions, and the 
energy absorbed in the entire region of the left brain parenchyma was estimated. At the same time, the content and 
volume of a contrast medium in the cerebral vessels were predicted on the basis of pharmacokinetic and fractal analyses.
Results: The increase in absorbed energy was attributed to secondary electrons emitted from the contrast medium and 
varied depending on its content and volume. Interestingly, the amount of energy absorbed increased with increasing 
dilution of the contrast medium. Furthermore, the amplification effect of the radiation dose varied according to the type 
of contrast medium used.
Conclusion: These results suggest that the amplification effect of the radiation dose is closely related to an increase in 
the cross-sectional area in which the X-rays interact with the contrast medium, which is caused by increased distribution 
of contrast medium in the cerebral vessels. When the contrast medium is diluted with water, its spread in the cerebral 
vessels plays a more important role than its content in the amplification effect of the radiation dose.
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reactions.1–3) In particular, there is an increase in the risk of 
dose-dependent adverse reactions such as nausea, vomit-
ing, and sensation of heat. Therefore, a contrast medium is 
usually diluted with saline to reduce the risk of dose- 
dependent adverse reactions in patients undergoing fluo-
roscopy examinations.

At present, a non-ionic iodinated contrast medium is 
more widely used than an ionic iodinated contrast medium 
and is less likely to cause adverse reactions. However, mild 
symptoms, such as nausea, vomiting, and sensation of heat, 
are common even when a non-ionic contrast medium is 
used. Several researchers have recently identified that the 
use of an iodinated contrast medium is closely associated 
with an increase in the radiation dose to patients and may 
amplify radiation damage at the genetic level.4,5) This phe-
nomenon may be as damaging as the chemical toxicity 
associated with the use of a contrast medium. Therefore, 
the amplification effect of the radiation dose is considered 
to be an adverse reaction in the same way as nausea, vom-
iting, and heat sensation. Although it is clinically important 
to be able to identify the physical factors responsible for 
this effect, there have been no in-depth investigations of 
the amplification effect of radiation dose caused by a con-
trast medium.

Some investigators have measured the radiation dose 
delivered to an anthropomorphic phantom using a radio- 
photoluminescence glass dosimeter or semiconductor dosim-
eter.6,7) The radiation dose can be assessed with high reliability 
using this method. However, the amplification effect of 
the radiation dose caused by a contrast medium needs to be 
evaluated at a molecular level and it is difficult to assess this 
effect using a dosimeter. Another method for evaluation of 
the radiation dose is simulation analysis, which is usually 
based on the Monte Carlo method.7) Simulation analysis 
using this method makes it possible to evaluate the radiation 
dose at a molecular level and to investigate the amplification 
effect of radiation dose caused by a contrast medium.

Therefore, in this study, we investigated how dilution of 
a non-ionic iodinated contrast medium with water contrib-
utes to the amplification effect of the radiation dose in cere-
bral vessels during a fluoroscopy-guided examination 
using simulation analysis.

Materials and Methods

Numerical brain phantom
The radiation dose can be evaluated with high reliability 
using a target object with an area similar to that of human 

blood vessels. However, it is difficult to accurately repro-
duce blood vessel area. In many simulation analyses of 
radiation dose, a target object with a simple shape, such as 
a medical internal radiation dose phantom, is used.8) More-
over, given that an aim of this study was to investigate how 
the amplification effect of the radiation dose varies accord-
ing to the contrast medium content, it was considered 
unnecessary to reproduce the blood vessel area exactly. 
Therefore, a numerical brain phantom with an elliptical 
cylindrical shape (Fig. 1) was used as the target object for 
evaluating the amplification effect of radiation dose. For 
the purposes of simulation analysis, we considered the 
brain parenchyma and cerebrospinal fluid to be equivalent 
to water. Therefore, the simulated brain parenchyma of a 
numerical brain phantom that measured 8.5 cm in length × 
7.5 cm in width × 9 cm in height was filled with water and 
surrounded by a bone-equivalent material with a thickness 
of 1 mm. As shown in Fig. 1, an elliptical cylinder with 
dimensions of 6.5 cm in length × 3.6 cm in width × 9 cm in 
height was prepared as the region occupied by the contrast 
medium in the simulated left brain parenchyma.

Pharmacokinetic estimation of mass and volume 
of contrast medium in the vessel
Iopamidol with an iodine concentration of 300 mg/mL, 
iohexol with an iodine concentration of 300 mg/mL, and 
iodixanol with an iodine concentration of 270 mg/mL were 
prepared to investigate the amplification effect of radiation 
dose. In a previous study, a two-compartment model (Fig. 2) 
was found to be suitable for analyzing the pharmacokinet-
ics of iodinated contrast medium in cerebral vessels.9,10) 
Hence, the material balance based on the model is given by 

Fig. 1 Cross-sectional view of the numerical brain phantom. Water is 
regarded as a material equivalent to that of cerebral parenchyma. The 
constituent elements of the skull bone are hydrogen, carbon, nitrogen, 
oxygen, fluorine, and calcium with a mass ratio of H:C:N:O:F:Ca = 1.00:
1.45:42.33:32.40:7.37:14.74, as recommended by the High Energy 
Accelerator Research Organization (KEK). 
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equation (1), in which xe is the contrast medium content 
that distributes in cerebral vessels:

dx

dt
k xa

a a= −
 (1)

dx

dt
k x k xe

a a e e= −

where xa  and xe represent the contrast medium content in 
compartments 1 and 2, respectively, and ka and ke are the 
elimination rate constants for the contrast medium in com-
partments 1 and 2. When a neuroendovascular procedure is 
performed, a small dose of the contrast medium is manu-
ally injected to check the position of the catheter tip in a 
cerebral artery. This confirmatory maneuver can be 
regarded as the initial condition of equation 1, which, in 
this analysis, is given as the contrast medium content per 
10 mL of water solution. On this occasion, the contrast 
medium was diluted with saline. Thus, the dilution magnifi-
cation for each type of non-ionic iodinated contrast medium 
was set to 1.7-fold, 2.0-fold, 2.5-fold, and 3.3-fold.

Viscosity also changes in response to an increase in the 
dilution magnification of contrast medium. It is widely known 
that the viscosity of a liquid is inversely proportional to the 
flow velocity and is governed by the Arrhenius equation:

η a= ( )Aexp x  (2)

where η is viscosity, x is the concentration of a solute in a 
solution, and A and a are constants. In order to demonstrate 
the validity of equation (2), the relationship between vis-
cosity and iodine concentration for each type of contrast 
medium was investigated on the basis of the nominal values 
mentioned in the interview forms. Plots of the viscosity of 
each type of contrast medium as a function of iodine concen-
tration are shown on a semi-logarithmic scale (so-called 
Arrhenius plots) in Fig. 3. For each type of contrast medium, 
there was a positive linear relationship between viscosity 
and the iodine concentration, which followed the Arrhenius 

equation. Therefore, the empirical formula of viscosity for 
each type of contrast medium was derived from the charac-
teristic curve shown in Fig. 3. The viscosity of the contrast 
medium for each dilution magnification was estimated by 
calculating the iodine concentration corresponding to the 
iodine content in the diluted contrast medium.

In addition to analysis of the pharmacokinetics of 
each type of contrast medium based on the use of the two- 
compartment model, the efficacy of contrast enhancement 
was investigated by fractal analysis. We found a linear 
correlation between the area enhanced on a cerebral DSA 
image and the fractal dimension. Furthermore, to investi-
gate the flow of contrast medium in cerebral vessels, the 
elimination rate constants for the different types of con-
trast medium in compartments 1 and 2 were estimated 
based on these results.10) The elimination rate constant for 
the contrast medium in compartment 1 was estimated 
to be 0.50 (s–1) for iopamidol with an iodine concen-
tration of 300 mg/mL, 0.37 (s–1) for iohexol with an 
iodine concentration of 300 mg/mL, and 0.39 (s–1) for 
iodixanol with an iodine concentration of 270 mg/mL, 
and was inversely proportional to viscosity for all three 
types of contrast media. However, the elimination rate 
constant for the contrast medium in compartment 2 
remained unchanged regardless of the type of medium 
used and was estimated to be 0.35 (s–1). These results sug-
gested that the flow of contrast medium in the main cere-
bral arteries, such as the internal carotid artery and middle 
cerebral artery, was governed by viscosity, whereas that 
in the capillaries and cerebral veins was limited by the 
velocity of red blood cells.

Fig. 2 Illustration of the two-compartment model. Compartments 1 
and 2 are considered to be the main cerebral arteries and capillaries, 
respectively. Contrast medium is manually injected through the cath-
eter and the injection volume is 10 mL. 

Fig. 3 Relationship between viscosity of the contrast medium and 
iodine concentration. The correlation coefficients for the Arrhenius 
plots were p >0.996. The empirical formula for the viscosity of each 
type of contrast medium is shown. 
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In view of the above results, after calculation of the vis-
cosity of contrast medium for a given dilution magnifica-
tion using the empirical formula based on the Arrhenius 
equation, the elimination rate constant for compartment 1 
was estimated using equation (3):

k kad
d

a=
η
η

0
0

 
(3)

where kad and ka0 are elimination rate constants for dilution 
magnifications of d and non-dilution (e.g., ka0 = 0.50 (s–1) 
for iopamidol with an iodine concentration of 300 mg/mL), 
respectively, and ηd and η0 are viscosities for dilution magni-
fication of d and non-dilution, respectively. The elimination 
rate constant for the contrast medium in compartment 2 was 
set to 0.35 (s–1), and the pharmacokinetics of the contrast 
medium were analyzed according to various dilution magni-
fications on the basis of the two-compartment model.

As mentioned above, the enhanced area on cerebral 
DSA images correlated with the fractal dimension of the 
cerebral vessel. This finding means that the volume of con-
trast medium in the cerebral vessels can be estimated from 
the fractal dimension of cerebral DSA images. In general, 
the fractal dimension of plane images is 2;11) that is, cere-
bral DSA images with a fractal dimension of 2 imply that 
the cerebral vessels are completely filled with a contrast 
medium. This notion can be also applied to fluoroscopic 
images of cerebral vessels because these images are also 
considered to have a fractal dimension of 2 when the 
contrast medium content in cerebral vessels reaches a 
maximum value in pharmacokinetic characteristics of the 
contrast medium. Furthermore, the contrast medium 

content in cerebral vessels has a linear relationship with the 
efficacy of contrast enhancement and, as such, can be used 
as a substitute for the fractal dimension.12) For these rea-
sons, the contrast medium volume (i.e., spread of contrast 
medium) can be given by equation (4):

V V x x V
x

x
Ve max e max e

e

max
max: := ∴ =

 
(4)

where Ve and Vmax (= π × 6.5 cm × 3.5 cm × 9 cm in the 
present study) are the contrast medium volumes for xe and 
maximum content xmax in pharmacokinetic characteristics 
of contrast medium diluted with water, respectively.

Evaluation of radiation dose using the Monte 
Carlo simulation technique
In this study, the radiation dose was evaluated using the 
Electron Gamma Shower computer code system (version 5; 
High Energy Accelerator Research Organization), which is 
one of the Monte Carlo simulation codes. The simulation 
conditions of X-ray irradiation were as follows: tube volt-
age, 80 kVp; fluoroscopy time, 1 s; irradiated area, 15 cm 
× 9 cm; and distance between the X-ray source and numer-
ical brain phantom, 50 cm. Incident X-ray photons were set 
to 106 and their statistical errors were estimated to be 
within 5%. Furthermore, the spectrum of X-rays was sim-
ulated by the Tucker equation.

Figure 4 shows the contrast medium volumes corre-
sponding to frontal views of the cerebral vessels for a vari-
ety of time phases. Now, let xet and Vet be the content and 
volume of a contrast medium for a given time t, which are 
calculated from equations (1) and (4), respectively. An 

Fig. 4 Schematic diagram showing the change in contrast medium volume with passage of time. The upper 
panels show cerebral vessel images corresponding to the contrast medium volumes in the lower panels. 
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elliptical cylinder with a volume of Vet was used as the tar-
get object for analysis of the amplification effect of radia-
tion dose, and the spread of contrast medium according to 
time was represented using the shapes of the simulated left 
brain parenchyma. A mixture of the contrast medium con-
tent of xet and water was placed to uniformly distribute in 
the elliptical cylinder with a volume of Vet, and the cylinder 
was set to the center of the simulated left brain parenchyma 
as shown in Fig. 1. Under the geometric arrangement of 
the contrast medium, the numerical brain phantom was 
exposed virtually to X-ray beams in the anterior–posterior 
direction at arbitrary time intervals.

Several studies have suggested that the photoelectric 
interaction between X-ray photons and the contrast 
medium (that is, the photoelectric effect) is closely related 
to the amplification effect of radiation dose.4,13) In view of 
these reports, the absorbed energy attributed to secondary 
electrons emitted from the contrast medium, and the X-ray 
photons that passed through the contrast medium were cal-
culated over the entire region of the simulated left brain 
parenchyma and converted to absorbed energy per incident 
X-ray photon.

Results

The time-dependent change in absorbed energy for each 
type of contrast medium according to dilution magnification 
is shown in Fig. 5. The absorbed energy indicates the char-
acteristics with the maximum value in a given time phase 
regardless of the dilution magnification and type of contrast 
medium. The finding that the absorbed energy was not con-
stant regardless of time phase suggests that the amplification 

effect of radiation dose was induced by the contrast medium. 
Furthermore, the amplification effect of contrast medium is 
strongly correlated with its content and volume. The influ-
ence of contrast medium content on the increase in radiation 
dose was then evaluated while maintaining a constant vol-
ume of medium (Fig. 6). Although the absorbed energy 
increased linearly with the increase in the contrast medium 
content, the increments were very small. The increment in 
absorbed energy was affected to a greater extent by the vol-
ume of contrast medium than by its content. For example, 
even though the contrast medium content increased by 
2-fold, the absorbed energy only increased by approximately 
1.05-fold. In contrast, the absorbed energy increased by 
approximately 2-fold when the volume of contrast medium 
increased by 2-fold. Therefore, the spread of contrast 
medium in the cerebral vessels had a marked effect on the 
increase in the radiation dose.

The time to maximum absorbed energy decreased as 
the dilution magnification increased (Fig. 5). To make the 
effect of the dilution magnification clear, the area under the 
time-dependent curve for the absorbed energy (AUC; i.e., 
the average absorbed energy over fluoroscopy time) was 
calculated for each type of contrast medium. As shown in 
Table 1, the AUC increased as the dilution magnification 
increased, regardless of the type of contrast medium used. 

Fig. 5 Time-dependent characteristics of absorbed energy. Time- 
dependent curves of absorbed energy for iohexol are drawn as an exam-
ple. Similar characteristics were obtained for iopamidol and iodixanol. 

Fig. 6 Relationship between absorbed energy and contrast medium 
content using iopamidol as an example. Similar characteristics were 
obtained for iopamidol and iodixanol. 

Table 1 Relationship between the area under the curve and dilution 
magnification of three types of contrast media

1.7-fold 2.0-fold 2.5-fold 3.3-fold

Iopamidol 0.745 0.802 0.866 0.875
Iohexol 0.678 0.742 0.798 0.840
Iodixanol 0.692 0.758 0.815 0.857
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Furthermore, iopamidol had the largest AUC of the three 
types of non-ionic iodinated contrast media, and iohexol 
had almost the same AUC as iodixanol. These findings 
suggested that the dilution magnification of the contrast 
medium also had a strong effect on the increase in radiation 
dose and that its amplification effect varied in accordance 
with the type of contrast medium used.

Discussion

Several studies have suggested that the amplification effect 
of radiation dose is caused by secondary electrons emitted 
from the contrast medium.4,13) In line with those reports, in 
the present study, the absorbed energies of the secondary 
electrons and transmission X-ray photons were used as 
physical indices to investigate the amplification effect of 
radiation dose. However, it is uncertain whether or not the 
secondary electrons contributed to the increase in radiation 
dose. Therefore, the interaction of X-ray photons with the 
simulated cerebral parenchyma was investigated further 
based on the results obtained in the simulation analysis. 
The vast majority of incident X-ray photons were con-
verted to secondary electrons by interaction with the 
contrast medium and accounted for 95% of the absorbed 
energy regardless of the dilution magnification of the con-
trast medium. This finding indicates that the increase in 
radiation dose was induced by secondary electrons emitted 
from the contrast medium. Furthermore, the secondary 
electrons increased as the volume of contrast medium 
increased and were mostly emitted from the surface of the 
X-ray incidence side of the contrast medium region (ellip-
tical cylinder with the volume of Vet). That is, the surface 
area for the X-ray incidence side of the contrast medium 
region can be regarded as the cross-section of X-ray inter-
actions with the contrast medium. Indeed, in regions other 
than the surface, the contrast medium did not contribute to 
emission of secondary electrons. These events are consis-
tent with the finding that the amplification effect of radia-
tion dose was more dependent on the spread of contrast 
medium rather than by its content.

The radiation dose delivered to the simulated cerebral 
parenchyma was shown to increase with increasing dilution 
magnification of the contrast medium. As previously men-
tioned, the value of the elimination rate constant (ka) in the 
main cerebral arteries decreased with increasing viscosity 
of the non-ionic iodinated contrast medium, regardless of 
type, whereas that in the capillaries and cerebral veins 
remained constant and was lower than that in the main 

cerebral arteries. This finding indicates that the elimination 
rate constant in the capillaries and cerebral veins depends 
on the flow velocity of red blood cells and not on the viscos-
ity of the contrast medium. Therefore, a contrast medium 
with low viscosity would flow steadily in the main cerebral 
arteries until reaching the capillary region. However, as 
shown in Fig. 7, the contrast medium starts to pool at the 
border between the main artery and the capillaries because 
of the slow movement of red blood cells in the capillaries. 
Consequently, the cross-sectional area of X-ray interactions 
with the contrast medium becomes larger in accordance 
with expansion of the region in which the contrast medium 
becomes pooled, resulting in an increase in the radiation 
dose. Furthermore, the area in which the flow of contrast 
medium is slow becomes larger because it is easier for 
large amounts of the contrast medium to pool at the border 
between the main artery and capillaries in accordance with 
the reduction in the viscosity of the contrast medium. How-
ever, the high-viscosity contrast medium flows in the cere-
bral vessels in the same way as the low-viscosity contrast 
medium, which increases the area within which the con-
trast medium pools. If the viscosity of the contrast 
medium was slightly higher than or almost equal to that 
of red blood cells, the contrast medium would flow 
smoothly without pooling near the border between the 
main artery and capillaries; consequently, the amplifica-
tion effect of the radiation dose would be low. Therefore, 
dilution of the contrast medium with water could account 
for the increase in the radiation dose.

The radiation dose delivered to the simulated cerebral 
parenchyma was higher for iopamidol than for iohexol or 
iodixanol. This finding can be explained by the difference 
in viscosity between the three types of contrast media. 
Iopamidol is the least viscous, and in view of the previ-
ously mentioned mechanism associated with the increase 

Fig. 7 Schematic diagram showing the flow of contrast medium flow 
at the border between a cerebral artery and a capillary. A contrast 
medium with high viscosity pools in this region, whereas a contrast 
medium with low viscosity passes smoothly through this region along 
with the red blood cells. 
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in the radiation dose, it is more prone to pooling than 
iohexol or iodixanol, thus resulting in the highest amplifi-
cation effect of radiation dose. Furthermore, our finding 
that iohexol delivered almost the same radiation dose to the 
simulated cerebral parenchyma as iodixanol can be 
attributed to the fact that there is little difference in viscos-
ity between these two types of contrast media.

This study has some limitations. First, the amplification 
effect of the radiation dose caused by the different types of 
contrast media was investigated by simulation analysis and not 
measured using a dosimeter. Second, the target object used for 
this analysis was a numerical brain phantom, which has a sim-
plified shape and does not accurately simulate cerebral vessels. 
Third, an additional filter was not included in the simulation 
geometry. These shortcomings need to be overcome in future 
studies of the amplification effect of radiation dose.

Conclusion

We have investigated the influence of dilution of a contrast 
medium on the amplification effect of radiation dose using 
the Monte Carlo simulation technique. We found that the radi-
ation dose increased with an increasing dilution of the contrast 
medium. The main reason for this effect was the spread of con-
trast medium in the cerebral vessels rather than its content.
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