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Abstract

Objectives Routine dosimetry calculations do not account for the presence of iodine in organs and tissues during CT acquisition.
This study aims to investigate the impact of contrast agent (CA) on radiation dose.

Methods First, relation between absorbed radiation dose and iodine concentrations was investigated using a cylindrical water
phantom with iodine-saline dilution insertions. Subsequently, a retrospective study on abdominal dual-energy CT (DECT) patient
data was performed to assess the increase of the local absorbed radiation dose compared to a non-contrast scan. Absorbed doses
were estimated with Monte Carlo simulations using the individual CT voxel data of phantom and patients. Further, organ
segmentations were performed to obtain the dose in liver, liver parenchyma, left kidney, right kidney, aorta, and spleen.

Results In the phantom study, a linear relation was observed between the radiation dose normalized by computed tomography

dose index (CTDI) and CA concentrations I, (mg/ml) for three tube voltages; CL)Tf‘[";Vf’] =0.14 x I;ope + 1.02, g}gjv"l =0.16 % Ioone +

1.21, g}gv”[ =0.16 X I onc + 1.24, and for DECT acquisition; gfgf} =0.15 X Igne + 1.09. Similarly, a linear relation was observed

between the dose increase and the organ iodine contents (R* = 0.86 and Pvatve < 0.01) in the patient study. The relative doses
increased in the liver (21 = 5%), liver parenchyma (20 + 5%), right kidney (37 + 7%), left kidney (39 &= 7%), aorta (34 = 6%)
and spleen (26 + 4%). In addition, the local dose distributions changed based on patient’s anatomy and physiology.
Conclusions Compared to a non-contrast scan, the organ doses increase by 30% in contrast-enhanced abdominal CT. This study
suggests considering CA in dosimetry calculations, epidemiological studies, and organ dose estimations while developing new
CT protocols.

Key Points

* The presence of contrast media increases radiation absorption in CT, and this increase is related to the iodine content in the organs.
* The increased radiation absorption due to contrast media can lead to an average 30% increase in absorbed organ dose.

e lodine should be considered in CT radiation safety studies.
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PMMA  Polymethyl methacrylate

SSDE  Size-specific dose estimate

Vi Dose volume in the presence of contrast agent
Vio Dose volume in the absence of contrast agent
VUE Virtual-unenhanced

Introduction

The use of contrast agents (CAs) is essential in medical imaging to
opacify lesions and tissues. In CT alone, 50-60% of all procedures
use iodine CA to ensure diagnostic quality [1, 2]. A considerable
amount of literature has been published on the safety of clinical
CA’s, and it is well acknowledged that respecting guidelines pro-
vides its safe and effective use [3, 4]. In recent years, researchers
have examined the impact of iodine CA on radiation-induced
biological effects. Collectively, these studies outline a critical role
for CA to increase the number of radiation-induced DNA double-
strand breaks (DSBs) compared to unenhanced imaging [5—10].
The biological damage caused by CA is a physics phenomenon
rather than chemical, as there is no evidence that the presence of
CA leads to DNA damage in the absence of radiation [5]. This
well-known phenomenon occurs as CA increases the attenuation
[11, 12] due to photoelectric effect, which consequently increases
the locally absorbed radiation dose.

The impact of CA’s on absorbed radiation dose in organs and
tissues has recently been challenged by a few studies, which
demonstrate a dose increase in the presence of iodine [2,
13-15]. However, research on the subject has been mostly re-
stricted to simplified geometrical models, homogenous organ
structures, and single CT acquisitions. To date, routine CT do-
simetry approaches such as dose length product (DLP) to effec-
tive dose (E) conversion coefficients that are determined by or-
gans’ anatomical locations (so-called k-factors) [16], experimen-
tal humanoid phantoms, and commercial CT dosimetry such as
CT-Expo [17], NCICT [18], and imPACT CT patient dosimetry
calculator (imPACT) do not account for the presence of CA.

Including iodine in radiation dose calculation needs advanced
Monte Carlo (MC) simulations. We used ImpactMC (Advanced
Breast-CT) MC software which is specifically designed and val-
idated for CT dosimetry [19] and has been used in various clin-
ical studies [20-24]. We chose to use ImpactMC over the
existing MC codes such as Penelope [25], Geant4 [26], MCNP
[27], and EGS4 [28] because it allows using the actual clinical
data as a geometrical model, and it provides a flexible environ-
ment to include parameters such as table increment, helical scan
mode, and tube current modulation.

This study attempts to provide a more accurate organ dose
estimation of contrast-enhanced CT. First, we investigated the
relationship between absorbed radiation dose and iodine contrast
concentration in a phantom study. Secondly, we performed a
patient study to address the local radiation dose in organs and

tissues including the liver, liver parenchyma, right kidney, left
kidney, aorta, and spleen in the hepatic phase of contrast-
enhanced abdominal CT. The study was carried out by
performing ad hoc Monte Carlo dosimetry simulations which
use patient-specific CT images of each individual as a geometri-
cal model and estimates the iodine content of each organ, based
on information obtained from dual-energy computed tomogra-
phy (DECT) scans.

Materials and methods
Monte Carlo simulation model

MC simulations were performed using the MC software
ImpactMC. The DICOM images obtained from CT and DECT
acquisitions (Revolution CT, GE Healthcare) were used as 3D
geometrical models in the phantom and patient study, respective-
ly. The acquisitions were modeled based on ad hoc scan param-
eters including tube current, table height, beam collimation, num-
ber of rotations, rotation direction, rotation time, scan mode,
bow-tie filter, X-ray spectrum, and the distance of plane in focus
from the center of rotation and fan angle. The details of the four
latter parameters were supplied by the CT manufacturer and are
confidential. The details of the other parameters were obtained
from the DICOM headers. A total number of 3.1 x 10° photons,
break energy of 10 keV, number of interactions of 10, and 36
projections per rotation were used in the simulations. A valida-
tion experiment with a computed tomography dose index
(CTDI) dosimetry phantom showed that the average error be-
tween measured and simulated CTDI,,; in the MC software for
80 kVp, 120 kVp, and 140 kVp and 80-mm collimation were
2.7%, 0.9%, and 0.7%, respectively.

Phantom study

The goal of this part of the study was to investigate the relation-
ship between radiation dose and iodine concentration. Eleven
syringes were filled with diluted iodine solutions (mg I/ml) of
0.00 £ 0.00, 2.00 + 0.06, 4.00 £ 0.12, 6.00 £ 0.18, 8.00 = 0.24,
10.00 £ 0.30, 12.00 +0.37, 14.00 + 0.43, 16.00 + 0.50, 18.00 =
0.57, and 20.00 + 0.64. A 370 mg I/ml contrast media
(Iopromide, Bayer healthcare) and saline (NaCl 0.9%) were used
for formulating the dilutions. Each syringe (diameter = 2 cm) was
placed in the middle of a water phantom (diameter = 21 cm) to
represent a large blood vessel, such as the abdominal aorta which
has a reported diameter ranging from 1.86 to 2.13 cm [29]. The
phantom was scanned with similar acquisition parameters (heli-
cal, 80-mm collimation, large bow-tie filter). We performed the
phantom study for tube voltages of 80 kVp, 120 kVp, and 140
kVp to represent a range between low and high tube voltages
typically used in the clinic. For each scan, the tube current-time
product (mAs) was adjusted to obtain a similar dose level
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Fig. 1 a CT image of the experimental phantom, and (b) the
reconstructed virtual phantom

(CTDI,e = 9.91 + 0.02 mGy). In addition, a DECT (80-140
kVp) acquisition was performed with the similar acquisition pa-
rameters, and the tube current-time product was adjusted (0.5 s
rotation time, 405 mA) to obtain a similar CTDI,, value (9.91
mQGy) to the previous scans. The images were reconstructed
using standard convolutional kernel and ASiR-V 50% recon-
struction algorithm, which was also used in the clinical image
reconstructions. For each simulation, we used the images obtain-
ed from scanning the phantom with the specific tube voltage
settings, considering the effect of kilovoltage peak (kVp) on
HU values. For DECT, simulations were performed for 80-
kVp and 140-kVp tube voltages using DECT scan data.
Materials were defined in the simulations as water, air, and the
eleven iodine solutions.

In addition, a virtual phantom model (Fig. 1b) with a sim-
ilar dimension as the real phantom and without any HU noise
(SD = 0) was considered to understand the net physics effect
and to validate the experimental model (Fig. 1a). The virtual
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phantom consists of water and iodine dilutions. The
polymethyl methacrylate (PMMA) was excluded in the virtual
model to avoid beam hardening which is unavoidable in the
real phantom model. We used MATLAB (Ver. R2020a) to
build the virtual phantom as a DICOM volume where the HU
for air and water were —1000 and 0, respectively. The HU for
the iodine solutions were the average of HU in a ROI (diam-
eter = 15 mm, depth = 25.6 mm) in the respecting iodine tube
of the experimental phantom.

Patient study

This study was approved by the institutional ethical committee
(BUN 143201940531). DECT scans were considered in this
study, because the material decomposition in DECT enables
quantification of iodine distribution in tissues with an accuracy
of £ 10% [30], as well as allowing to obtain virtual-unenhanced
(VUE) images which resemble the same scan in the absence of
contrast. We selected twenty abdominal DECT scans (rapid kV
switching, GE Revolution CT), including ten males and ten fe-
males with a mean age of 53.1 years (min = 23 years, max = 92
years) from the hospital’s picture archiving and communication
system (PACS), excluding patients with metallic implants or
pacemakers. These scans were performed as a part of the pa-
tients’ routine diagnostic procedure to examine the gastrointesti-
nal or urinary tract. All these scans were performed with DECT
(80140 kVp), large bow-tie filter, constant tube current, 80-mm
collimation, and a helical acquisition. The scan parameters such
as tube current, table increment, number of rotations, and scan
time were varying between the patients. The patients were ad-
ministered iodinated contrast: on average, 40.61 g (min =304 g,
max = 44.4 g) at a rate of 2.5 ml/s and a concentration of 320
(Iobitridol, Guerbet), 350 (Iomeprol, Bracco), or 370 (Iopromide,
Bayer healthcare) mg I/ml. The presence of three different CAs
in the patient study is due to changing the brand of CA on a
rotational basis according to the hospital management. The im-
ages were reconstructed using standard convolutional kernel and
ASiR-V 50% reconstruction algorithm. The virtual-unenhanced
and contrast DECT images were selected to represent HU values
in the absence and presence of contrast agent. Both series were
processed at a monochromatic energy level of 68 keV to repre-
sent the effective energy of a 120-kVp scan. The iodine quanti-
fication (iodine map) of the patients was used to obtain the iodine
content in the organs.

MC simulations were performed for 80-kVp and 140-kVp
tube voltages using DECT scan data. The relation between
HU and material density was defined by relating the HU of
the voxels to their DECT iodine quantification densities.
Materials were defined as iodine dilutions with varying con-
centrations of 0 to 20 mg I/ml incremented with steps of
0.1905 mg I/ml. After performing the simulations, 3D dose
volumes in the presence (Vi) and absence (Vi) of contrast
were obtained which were used for data analysis.
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Data analysis and statistics

In the phantom study, mean dose values in voxels of a volu-
metric ROI with a diameter of 15 mm and depth of 25.6 mm
were calculated for 80-kVp, 120-kVp, and 140-kVp tube volt-
ages. The mean dose values of DECT scans were obtained
with the similar approach, considering 2/3 ratio for the contri-
bution of 80 kVp and 1/3 ratio for the contribution of 140 kVp
in the radiation dose. The dose values were normalized by the
CTDI,; of the scans. The relationship between the CTDI,
normalized dose and iodine was assessed by linear regression.
In addition, the mean CTDI,, normalized dose values in the
virtual model and experimental model were compared using a
Mann-Whitney U test.

In the patient study, six organs and tissues including the
liver, liver parenchyma (liver excluding large vessels), right
kidney, left kidney, aorta, and spleen were segmented on an-
atomical contrast CT images of the patients (open-source soft-
ware 3D slicer [31]). As the obtained parametric dose maps
overlaid the anatomical patient images, 3D organ dose vol-
umes in the presence and absence of contrast were obtained by
applying the segmented organ volumes as a mask on V; and
Vi, respectively. In addition, 3D HU volumes in the organs in
the presence and absence of contrast, and 3D iodine volumes
in the organs, were obtained by applying the segmented organ
volumes as a mask on the contrast CT images, the VUE im-
ages, and the iodine quantification volume, respectively. The
dose was reported as the mean value of all the voxels in the 3D
organ dose volumes, considering 2/3 ratio for the contribution
of 80 kVp and 1/3 ratio for the contribution of 140 kVp in the
radiation dose. The mean HU value and the mean iodine value
in each organ were reported as the mean value of all the voxels
in the respecting 3D organ volume. The mean dose values
were normalized by the size-specific dose estimates (SSDE,
Dsspg) in order to make the results scanner and patient inde-
pendent. The SSDE values were calculated based on AAPM
report 2011 [32] using the CTDI,, of the scans and the effec-
tive diameter of the patients. The relationship between
%Dsspr increase and iodine concentrations in the segmented
organs was investigated by performing a Pearson correlation
test. In addition, the average of absolute organ doses (exclud-
ing aorta) in the presence of CA (Dy) and absence of CA (Do)
and their ratios defined as dose enhancement factor (DEF)
were calculated for each patient.

Results
Results of the phantom study

Results show a linear relation between the CTDI,,; normal-
ized dose and the clinical range of CA concentrations I qpnc
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Fig. 2 a CTDI,, normalized dose versus iodine concentration in the ROI in
syringes for 80, 120, 140 kVp, and DECT. b Dose in the ROI in the iodine
syringes versus iodine concentration for virtual model and experimental
phantom for DECT. Horizontal bars indicate uncertainty in the solutions
and vertical bars indicate the uncertainty in the simulated dose (6.3%)

(mg I/ml) (Fig. 2a). These equations are: Doty — ()14 x

CTDI,
2 Diokvp 2 _
Leone + 1.02 (R* = 0-99)7cm1v'0, =0.16 X Igne + 1.21 (R =
0.99), St = 0.16 X Teone + 1.24 (R = 0.99), and 222 =

0.15 % Iogne + 1.09 (R* = 0.99). The dose results obtained from
simulations of the virtual phantom were in good agreement
with the dose results obtained from the experimental phantom
with the mean + SD difference of 6.9 + 1.4% (min = 5.2%—
max = 10%) (Fig. 2b, Mann-Whitney U test pyapue = 0.74, « =
0.05). The slightly higher dose values in the virtual phantom
can be contributed to the absence of PMMA and as a result the
absence of beam hardening due to PMMA.
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Table 1  The mean HU values + SD, the mean iodine concentrations + SD, and the Dggpg + SD in the segmented organs and tissues of the 20 patients
Parameter Liver Liver parenchyma  Right kidney = Left kidney = Aortic blood Spleen
Mean CT values (HU) + SD in VUE images 50+ 12 49+ 14 34+5 34+4 50+5 44+ 4
Mean CT values (HU) + SD in CE images 120 +32 116 + 33 190 +42 191 +39 131+ 19 173 £ 30
Mean iodine concentration = SD (mg I/ml) 3.00+£0.91 2.85+0.86 6.38 = 1.60 6.43 £1.50 5.32+1.10 348 £0.71
Mean dose increase + SD (mGy) 21 £5% 20+ 5% 37+ 7% 39+ 7% 34+ 6% 26 £ 4%

Abbreviations: HU Hounsfield units, SD standard deviation, VUE virtual-unenhanced, CE contrast-enhanced, SSDE size-specific dose estimate

Results of the patient study

Results of the patient study are shown in Figs. 3, 4, and 5 and
Tables 1 and 2. For all the patients (PA), the Dgspg increases
in all the organs in the presence of CA (Fig. 3), and this
increase is directly related to the iodine content in the organs
(Table 1). The highest increase in the Dggpg, is seen in the left
kidney (39%), followed by the right kidney (37%), aorta
(34%), spleen (26%), liver (21%), and the lowest in the liver
parenchyma (20%). The highest increase in HU values is seen
in the left kidney (157HU), and the lowest is seen in the liver
parenchyma (67HU) (Table 1). For each patient, the mean
absolute organ doses (excluding aorta) in the presence (Dy)

and absence of contrast (D) and their ratio (DEF) are report-
ed in Table 2, illustrating a maximum of 38% (PA7) and
minimum of 21% (PA13) increase in the mean absolute organ
doses. By applying a Pearson correlation test between the
%Dosesspg, increase and iodine content in all the organs, a
linear increase is noticed (Fig. 4a, R*=0.86 and Pvatue < 0.01).
In addition, the Dggpg of patient study are in good agreement
with the Dggpg of the phantom study (Fig. 4b).

The impact of the patient’s anatomy and contrast distribu-
tion on radiation dose distribution is illustrated in Fig. 5. The
parametric dose maps show three patients with a respectively
low, moderate, and high increase in the absorbed radiation
dose due to iodine contrast.

Table 2 The administered iodine, CTDI,;, SSDE, mean absolute dose + SD in the absence of contrast, mean absolute dose + SD in the presence of
contrast, and the dose enhancement factor + SD (DEF) in the organs and tissues (excluding aorta) for each patient

Patient Administered CTDl,, SSDE Do (mGy) Dy (mGy) DEF = %fo
iodine (g) (mGy) (mGy)
PAlL 385 9.42 11.59 10.16 + 0.42 12.70 +0.98 1.25+0.11
PA2 42.0 10.10 12.42 10.88 +0.31 13.32£0.92 1.22 £ 0.09
PA3 385 9.03 11.92 10.83 +0.59 13.53 +1.30 1.25+0.14
PA4 420 11.18 15.32 13.84 +0.42 18.04 = 1.56 1.30 £ 0.12
PAS 36.7 7.95 12.16 10.88 + 0.65 13.64 +1.43 1.25+0.15
PA6 420 9.03 11.92 10.44 +0.37 13.99 = 0.50 1.34+0.07
PA7 420 5.80 8.58 8.11+0.26 1121+ 145 1.38+0.18
PAS 44.4 9.03 12.37 9.74 + 0.69 12.97 £1.39 1.33£0.17
PA9 420 7.95 10.18 8.65 + 0.64 10.78 £ 1.19 1.25+0.17
PAI0 420 10.10 12.42 11.55 +0.80 15.28 £2.09 1.32+£0.20
PAIll 44.4 12.25 14.58 13.08 +0.43 1743 £1.07 1.33 +£0.09
PAI2 42.0 7.95 11.77 11.45+027 1457 +1.25 127 +0.11
PAI3 40.7 9.03 11.56 10.70 + 0.53 12.92 +1.76 121+0.17
PAl4 42.0 7.93 9.04 7.25+0.60 9.41+1.02 1.30 £0.18
PAILS 38.8 10.10 12.02 10.45 +0.81 13.04 + 1.26 1.25+0.15
PAL6 42.0 7.95 1137 9.96 +0.35 12.50 + 1.07 1.26 £ 0.12
PAL7 30.4 11.18 1532 13.29 +1.51 16.62 +2.42 1.25+023
PAIS 444 9.03 11.92 11.13+ 1.15 14.64 + 1.70 1.32£0.20
PAI9 352 7.73 11.83 10.53 £ 0.67 1428 +1.82 136 +0.19
PA20 420 12.25 11.27 9.40 +1.19 11.90 + 1.43 1.27 022

Abbreviations: g gram, CTDI,,; volume computed tomography dose index, mGy milli-gray, SSDE size-specific dose estimate, SD standard deviation, Dy
mean absolute dose in the absence of contrast agent excluding aorta, D; mean absolute dose in the presence of contrast agent excluding aorta, DEF dose

enhancement factor
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Fig. 3 Dsgpr in the presence and in the absence of CA in (a) liver, (b) liver parenchyma, (c) aorta, (d) right kidney, (e) left kidney, and (f) spleen in the 20 patients

@ Springer



7546

Eur Radiol (2021) 31:7540-7549

Discussion

This study confirmed that the presence of CA increases the organ
radiation dose in CT (Figs. 2 and 3). In the phantom study, a
linear relation between the CTDI,,; normalized radiation dose
and clinical range of CA concentrations was observed (Fig.
2a). In the patient study, data demonstrate that lower CA admin-
istrations result in lower doses (Fig. 4). The Dggpr in the organs
increased in the presence of CA, and this increase was also linear.
The maximum and minimum increase in the dose was observed
in the kidneys (37-39%) and liver parenchyma (20%) (Table 1).
The high dose increase in the kidneys is caused by their high
vascularization and high content of contrast at the moment of CT
acquisition. The low dose increase in Fig. 4 a belongs to a patient
who is diagnosed with ascites. The accumulated fluid attenuates
the beam, resulting in a lower dose in the organs. Overall, the
interpatient variability in the organ dose values can be attributed
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Fig. 4 a A Pearson correlation test shows a linear agreement between
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to the patient’s anatomy, physiology, location of the organ in the
body, and iodine administration. The patient-dependent variabil-
ity in the results (Figs. 4b and 5) motivates patient-specific do-
simetry approaches for more accurate dose estimation in CT.

The knowledge of CA distribution in tissues is a prerequisite
for dosimetry calculations following contrast-enhanced CT.
Different strategies have been deployed to estimate the amount
of CA in the organs. Amato et al obtained the HU-iodine density
relation with mathematical equations, and used a simplified HU-
based geometrical model. They reported up to a 74% dose increase
[13]. Sahbace et al used a pharmacokinetic human model and
reported up to a 54% dose increase [14]. Perisinakis et al per-
formed experimental measurements to obtain HU-iodine density
relation. They used mathematical anthropomorphic phantoms and
reported up to a 100% dose increase [15]. Comparing between the
liver, kidneys, aorta, and spleen, these studies reported the maxi-
mum organ dose in kidneys [13—15], which is comparable to our
results. In this study, we used the iodine-HU calibration curve of
the CT scanner for the phantom study and the iodine quantification
of DECT in voxelated patient-specific CT models. We expect a
more precise estimation with our approach: (i) iodine quantifica-
tion in DECT is reported to be accurate (+ 10 % ,[30]), (ii) DECT
can be used to precisely estimate the iodine content of organs in
each image voxel at the time of scan and take into account the
tissue heterogeneity, and (iii) DECT is offering the opportunity to
investigate the net effect of CA by providing a same patient ge-
ometry and exposure parameters in the presence and absence of
CA. An alternative for DECT could be the use of unenhanced and
contrast-enhanced images of conventional CT scans. However, the
absence of iodine quantifications and the differences between ex-
posures make the radiation dose comparison increasingly difficult.
The clinical relevance of absorbed radiation dose on biological
damage is not yet fully known; nonetheless, a different extent of
biological damage is expected in different types of tissue. The
impact of iodine on biological radiation damage is assessed by
investigating the increase in the DNA DSB [5-10]. However,
not all the DNA DSB are malignant transformation due to fast
regeneration of blood cells. The biological damage of paren-
chymal tissue occurs if iodine reaches the capillary network of
an organ or the interstitial fluid outside these vessels [33]. A
recent study showed that the secondary electrons can escape
vessel walls that are smaller than 100 um and cause biological
damage to the surrounding tissue [2]. Consequently, the increase
of absorbed dose in organs that contain parenchymal tissue such
as the liver, kidneys, lungs, and brain may lead to biological
damage and should be considered. We excluded the absorbed
dose of aortic blood for reporting the average of the absolute dose
values in Table 2 in order to make the results clinically more
relevant.

A limitation of this study was using a single type of CT
scanner. However, we expect that the normalization of the data
to SSDE provides results that are scanner and patient size inde-
pendent. Another limitation was performing the simulations only
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for abdominal scans. For other CT exams, different results might
be expected depending on the type and moment of CT acquisi-
tion and the iodine administration. The other limitation is the
presence of three brands of CA in the patient study. However,
we believe that if the iodine concentration (mg I/mL) of the CA is
respected, that is very unlikely that the brand or type would
change the result considering the strict relationship between io-
dine concentration and CT attenuation. Another limitation of this
study is using VUE images instead of true unenhanced images.
From a dosimetric point of view, we believe that the use of VUE
images is acceptable and it would not have an important impact
on the results compared to true unenhanced images, as the HU
values are similar between both [34, 35]. Also, since this study
was limited to the retrospective data obtained from hepatic-phase
abdominal scans, we did not investigate the impact of different
scan phases on the organ absorbed doses. Further research should
be undertaken to explore the impact of scan phase on absorbed
organ doses.

In summary, this study showed that using CA in CT leads
to an average organ dose increase of 30%. Despite the exten-
sive use of CA in clinic, most of dosimetry studies do not
account for the impact of CA on radiation dose. Considering
the role of CA on increasing the absorbed radiation dose and
increasing the X-ray-induced DNA DSB [5-10], it is reason-
able to consider the presence of CA in dosimetry calculations
and epidemiological studies which investigate the impact of
radiation on health effects. Finally, considering that contrast-
enhanced CT is necessary for many diagnostic procedures,
this study suggests including the effect of contrast agent on
organ dose while developing new CT protocols.
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