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Abstract

Purpose: To investigate the contrast media iodine dose dependency of
radiation-induced DNA double-strand breaks (DSBs) during a coronary com-
puted tomography angiography (CCTA) scan.

Methods: This prospective patient study was approved by the ethical commit-
tee. Between November 2018 and July 2019, 50 patients (31 males and 19
females, mean age 64 years) were included in the study, 45 CCTA and five
noncontrast-enhanced (NCE) cardiac computed tomography (CT) patients. A
single-heartbeat scan protocol with a patient-tailored contrast media injection
protocol was used, administering a patient-specific iodine dose. DNA double-
strand breaks were quantified using a yH2AX foci assay on peripheral blood
lymphocytes. The net amount of yH2AX/cell was normalized to the individual
patient CT dose by the size-specific dose estimate (SSDE). Correlation between
the administered and blood-iodine dose and the SSDE normalized amount of
DNA DSBs was investigated using a Pearson correlation test.

Results: CCTA patients were scanned with a mean CTDI,, of 10.6 + 5.6 mGy,
corresponding to a mean SSDE of 11.3 + 5.3 mGy while the NCE cardiac CT
patients were scanned with a mean CTDI,, of 6.00 + 1.8 mGy, correspond-
ing to a mean SSDE of 6.6 + 2.7 mGy. The administered iodine dose ranged
from 16.5 to 34.0 gl in the CCTA patients, resulting in a blood-iodine dose range
from 5.1 to 15.0 gl in the exposed blood volume. A significant linear relation-
ship (r = 0.79, p-value < 0.001) was observed between the blood iodine dose
and SSDE normalized radiation-induced DNA DSBs. A similar significant linear
relationship (r= 0.62, p-value < 0.001) was observed between the administered
iodine dose and SSDE normalized radiation-induced DNA DSBs.
Conclusions: This study shows that contrast media iodine dose increases the
level of radiation-induced DNA DSBs in peripheral blood lymphocytes in a linear
dose-dependent manner with CCTA. Importantly, the level of DNA DSBs can be
reduced by lowering the administered iodine dose.
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|ODINE INCREASES X-RAY-INDUCED DNA DSBs

1 | INTRODUCTION

Computed tomography (CT) is an imaging modal-
ity of increased importance to diagnose several car-
diac pathologies due to recent improvements in CT
technology." Although CT exposes patients to ion-
izing radiation, coronary CT angiography (CCTA) is
becoming the clinical standard for imaging of the coro-
nary arteries® CT techniques as prospective gating,
automatic exposure control system and, iterative image
reconstruction techniques, minimize radiation dose to
the patient*® CCTA examinations require the adminis-
tration of intravenous iodinated contrast media (ICM) to
visualize the coronary arteries. These ICM are not undis-
puted; adverse effects such as allergic response and
contrast-induced nephropathy are associated with the
administration of contrast media (CM) and are known to
be dose dependent.”~? In addition, some studies report
an increase in radiation-induced DNA double-strand
breaks (DSBs) in blood lymphocytes with the use of
|CM.1O_12

ICM molecules are designed to enhance image con-
trast in blood vessels and well-perfused organs by
increasing the absorption of X-ray photons. With each
interaction, mainly by photoelectric absorption, sec-
ondary electrons are generated. These highly reac-
tive electrons subsequently react with surrounding
molecules to regain a stable situation. Interaction with
the DNA molecule can result in DNA damage such as
DNA DSBs, the most relevant biological damage after
exposure to ionizing radiation.'® Due to the error-prone
repair mechanisms of DNA DSBs, they are identified as
an increased risk factor for cancer development.'!-'3

Several dosimetry studies have quantified these DNA
DSBs as a biomarker for exposure to ionizing radi-
ation, using a yH2AX immunofluorescent assay on
blood lymphocytes.''9 It is also the preferred tech-
nique to investigate the impact of ICM on radiation-
induced DNA DSBs.'%'2 These studies compared the
amount of radiation-induced DNA DSBs in patients
who received contrast-enhanced CT with non-contrast-
enhanced (NCE) CT patients and reported an increase
in radiation-induced DNA DSBs with contrast-enhanced
CT. A previously published preclinical minipig study com-
pared the amount of DNA DSBs after CCTA scans with
three different iodine dose levels.?° The results showed
a significant increase in radiation-induced DNA DSBs
with the administration of a higher iodine dose during
CCTA at constant radiation dose. To our knowledge, no
previous research has been reported on the CM iodine
dose dependency of the radiation-induced DNA DSBs
in clinical routine.

This study aims to investigate the CM iodine dose
dependency of radiation-induced DNA DSBs in blood
lymphocytes during a clinical CCTA scan. This relation-
ship between iodine dose and radiation-induced DNA
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TABLE 1 Patient characteristics and computed tomography (CT)
radiation dose parameters

NCE cardiac
CT for
calcium
CCTA scoring
Number of patients 45 (29/16) 5 (2/3)
(male/female)
Age (y) 62.7 + 14.7 78.8 + 8.5
Weight (kg) 82.6 +17.9 82.7 + 3.1
Height (cm) 172.8 +11.1 167.0 = 11.1
Administered iodine dose (gl) 247 +4.9 0

Exposed volume of 690.5 + 122.5 NA

blood-iodine mixture (cm?3)

lodine dose in exposed 8.51 + 3.03 0
blood-iodine mixture (gl)

CTDlyo (MmGy) 10.6 + 5.6 6.0+ 1.8

SSDE (mGy) 11.3+5.3 6.6 +2.7

DLP (mGy-cm) 180.1 +108.2 93.4 + 31.1

Abbreviations: CCTA, coronary CT angiography; CTDl,,, volume computed
tomography dose index; DLP, dose length product; NCE, noncontrast-enhanced;
SSDE, size-specific dose estimate.

Values represent mean values + standard deviation (SD).

DSBs was investigated for the first time in a clinical set-
ting.

2 | MATERIALS AND METHODS

21 | CCTA scans

This prospective study was approved by the institu-
tional ethical committee and written informed consent
was obtained from all patients. Forty-five patients (29
males and 16 females, mean age 63 years, range 18-88
years, scanned between November 2018 and July 2019)
scheduled for a routine clinical CCTA were included
in the study (Table 1). Five additional patients (two
males and three females, mean age 79 years, range
70-92 years, scanned between May 2019 and Septem-
ber 2019) scheduled for a calcium scoring scan were
added to the study to provide data on NCE cardiac
CT. Exclusion criteria contained other X-ray exposure or
scintigraphy and radio- or chemotherapy 1 week prior
to enrollment in the study (two patients excluded). All
scans were performed on a Revolution CT scanner (GE
Healthcare) with the following scan parameters: an axial
electrocardiogram (ECG) gated scan protocol was used
with a tube voltage 100 or 120 kVp, rotation time 0.28
s, collimation 16 cm. Based on a localizer scan of the
patient, the lowest kVp is automatically selected for
which the automatic exposure control ensures a pre-
determined noise index. The CM injection volume and
speed are determined by a patient-tailored CM injection
model, considering the patient’s physiology, tube voltage,
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and CM iodine concentration, allowing to preset a tar-
geted enhancement CT value of 475 HU in the coronary
arteries. Throughout the inclusion period, three different
CM products were used: lopromide 370 mgl/ml (Ultrav-
ist, Bayer), lobitridol 350 mgl/ml (Xenetix, Guerbet), and
lomeprol 350 mgl/ml (lomeron, Bracco).

2.2 | Blood sample processing and
lymphocyte separation

Before and 15 min after each CT scan, blood samples
(5 ml) were collected in heparin-containing vials and
immediately stored on ice to inhibit all DNA repair activity
before further processing. Lymphocyte separation was
performed according to the PBMC Spin Medium manu-
facturer’s instructions (PluriSelect).

2.3 | Immunofluorescence analysis

A full detailed protocol description is provided in the
addendum. The isolated lymphocytes were fixed for 10
min in 4% formaldehyde, followed by three washing
steps of 10 min in PBS (Thermo Fisher Scientific). The
cells were permeabilized for 1 h with 0.1% Triton X-100
(Thermo Fisher Scientific) in 3% BSA. Samples were
incubated overnight with a 1:1000 dilution of the primary
rabbit antibody, anti-yH2AX (Thermo Fisher Scientific) at
4°C. The next day, the primary antibody was washed
away and samples incubated with a 1:300 dilution of
the secondary antibody, goat anti-rabbit Alexa Fluor 488
antibody (Invitrogen) for 1 h at room temperature. Also,
1:300 dilution of Hoechst stain was added as a back-
ground staining. Finally, the samples were washed and
mounted with ProLong Gold Antifade Mountant (Thermo
Fisher Scientific). A fluorescence microscope (Leica), a
charge-coupled camera, and EUROPicture software?’
were used to capture images of all samples. The num-
ber of yH2AX foci on these images was quantified using
ImageJ?? and FociCounter?® software (Figure 1). Mono-
cytes and granulocytes were identified by using morpho-
logic criteria and were excluded from the analysis. Blind
sample processing was done, and an average of 3400
lymphocytes were analyzed for each sample.

2.4 | Data and statistical analysis

To take the individual background signal of each patient
into account, the amount of yH2AX foci/cell of the pre-
CT sample was subtracted from the amount of yH2AX
foci/cell of the post-CT sample. The resulting net amount
of yH2AX foci/cell was normalized to the individual CT
scan dose, to compensate for the different patient radi-
ation doses. To account for the different patient sizes,
the patient dose descriptor size-specific dose estimate

FIGURE 1 Example of a microscopy image of peripheral blood
lymphocytes to quantify the amount of yH2AX foci. The green spot
(white arrow) indicates a yH2AX foci while the blue color is a Hoechst
background staining of all genetic material of the lymphocytes

(SSDE) was the preferred metric above CTDI,y, as
the latter reflects the dose in a cylindrical polymethyl-
methacrylate phantom with a fixed diameter?*=2% The
SSDE was calculated by multiplying the CTDI,, with
coefficients based on the effective diameter of the
patient in the center of the field of view.

To investigate the iodine dose dependency of
the radiation-induced DNA DSBs, we considered the
exposed blood-iodine dose mixture within the CT-scan
volume. In addition, the correlation of radiation-induced
DNA DSBs with the administered iodine dose of the
CM was also investigated. The exposed blood-iodine
dose was derived from the CT images. The blood-
iodine volume was segmented on an Advantage Work-
station 4.7 (GE Healthcare) from the clinical CT images
of each patient using a two-step segmentation pro-
cess. First, all bone structures were removed by the
"auto-remove bone"-function of the workstation and in
a second phase, all noniodine-containing tissues were
removed by applying a threshold of 85 HU (Figure 2).
The mean CT value of this segmented volume was
determined and the corresponding iodine concentra-
tion (I in mgl/ml) was derived using known CT value
to iodine calibration curves of the CT scanner (100 kV:
| = (CT value-26.996)/25.662 and 120 kV: 1 = (CT value-
3.19)/24.13)), according to the technique described by
Buls et al?” The total exposed blood-iodine dose is the
product of the segmented blood-iodine volume and the
mean iodine concentration in the segmented volume.
The administered iodine dose was calculated as the
product of the CM injection volume and the CM iodine
concentration.

The increase in radiation-induced DNA DSBs
between the CCTA scans compared to the NCE cardiac
CT scans was converted in percentages (Tables 2
and 3). We considered the increase in radiation-induced
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FIGURE 2 Example of a segmentation of the blood-iodine volume from a coronary computed tomography angiography (CCTA) scan of a
65-year-old female patient. The image contains a volume rendering (a), an axial (b), and a coronal image (c) of the segmentation

TABLE 2 Blood-iodine dose and linear model-based level of radiation-induced DNA double-strand breaks (DSBs)

Amount of Percentage of
radiation-induced increase in DNA DSBs
DNA DSBs (yH2AX compared to NCE
focilcell) cardiac CT scan

Noncontrast-enhanced cardiac CT scan 0gl 0.0006 /

Mean blood-iodine dose — 1 SD 6.78 gl 0.0023 285.9%

Mean blood-iodine dose 8.91 ¢l 0.0028 393.1%

Mean blood-iodine dose + 1 SD 11.04 gl 0.0035 500.2%

Abbreviations: CT, computed tomography; NCE , noncontrast-enhanced.

TABLE 3 Administered iodine dose and corresponding level of radiation-induced DNA double-strand breaks (DSBs)

Amount of Percentage of
radiation-induced increase in DNA DSBs
DNA DSBs (yH2AX compared to NCE
focilcell) cardiac CT scan
Noncontrast-enhanced cardiac CT scan 04l 0.0006 /
Mean administered iodine dose — 1 SD 19.8 gl 0.0024 319.0%
(or 53.5 ml of 370 mgl/ml CM)
Mean administered iodine dose 2479l 0.0029 393.3%
(or 66.8 ml of 370 mgl/ml CM)
Mean administered iodine dose + 1 SD 29.6 ¢l 0.0033 467.6%

(or 80.0 ml of 370 mg I/ml CM)

Abbreviations: CM = contrast media; CT, computed tomography; NCE, noncontrast-enhanced.
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DNA DSBs for the mean iodine dose + 1 SD.

The presence of a correlation between the SSDE nor-
malized amount of yH2AX foci/cell and the iodine dose
was investigated using a Pearson correlation test. Sta-
tistical calculations were performed with SPSS software,
and differences were considered to be significant with p-
values <0.05.

3 | RESULTS

The mean CTDI,, of the CCTA scans was 10.6 +
5.6 mGy, corresponding to a mean SSDE of 11.3 +
5.3 mGy (Table 1). The NCE cardiac CT scans resulted
in a mean CTDlI, of 6.0 + 1.8 mGy, corresponding to
a mean SSDE of 6.6 + 2.7 mGy. The mean amount
of yH2AX foci/cell in the pre-CT samples was 0.0034
+ 0.0010 for the CCTA scans and 0.0036 + 0.0006
for the NCE cardiac CT scans. The mean amount of
yH2AX foci/cell in the post-CT samples was 0.0061 +
0.0017 for the CCTA scans and 0.0040 + 0.0007 for the
NCE cardiac CT scans resulting in a mean difference of
0.0028 + 0.0014 yH2AX foci/cell for the CCTA scans and
0.0004 + 0.0001 yH2AX foci/cell for the NCE cardiac CT
scans. After normalizing the amount of DNA DSBs to
the radiation dose, an SSDE normalized mean yH2AX
foci/cell of 0.00026 + 0.00010 m/Gy was observed for
the CCTA scans and 0.000054 + 0.000009 m/Gy for the
NCE cardiac CT scans. The segmentations showed that
the mean exposed volume of the blood-iodine mixture
of the CCTA scans was 690.5 + 122.5 cm®. In this vol-
ume, the mean blood-iodine dose was 8.9 + 2.1 gl,rang-
ing from 5.1 to 15.0 gl. The mean administered iodine
dose was 24.7 + 4.9 gl, ranging from 16.5 to 34.0 gl.
A strong linear correlation (y = 2.41E-5 + 2.71E-5 X x,
where y = SSDE normalized amount of yH2AX foci/cell
and x = the blood-iodine dose) between the blood-iodine
dose and radiation-induced DNA DSBs was found with
a correlation coefficient of 0.79 (p-value < 0.0001) (Fig-
ure 3 and Table 2). A good linear correlation (y = 6.39E-
5 + 8.17E-6 x x, where y = SSDE normalized amount
of yH2AX foci/cell and x = the administered iodine
dose) was observed between the administered iodine
dose and radiation-induced DNA DSBs with a correla-
tion coefficient of 0.62 (p-value < 0.0001) (Figure 4 and
Table 3).

4 | DISCUSSION

The aim of the study was to investigate the CM iodine
dose dependency of radiation-induced DNA DSBs in
blood lymphocytes during a clinical CCTA. An increase
of radiation-induced DNA DSBs due to the adminis-
tration of ICM implicates an increased risk of cancer
development.'"'2 Our results demonstrate for the first
time the linear correlation between both the admin-

000501
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FIGURE 3 Strong linear correlation between blood-iodine dose

and size-specific dose estimate (SSDE) normalized amount of
yH2AX foci/cell with a correlation coefficient of 0.79
(p-value < 0.0001)
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FIGURE 4 Good linear correlation between the administered
contrast media (CM) iodine dose and size-specific dose estimate
(SSDE) normalized amount of yH2AX foci/cell with a correlation
coefficient of 0.62 (p-value < 0.0001)

istered and blood-iodine dose and SSDE normalized
radiation-induced DNA DSBs in CCTA, suggesting that
patients with a high administered iodine dose (and
thus a high exposed blood-iodine dose) will suffer an
increase in radiation-induced DNA DSBs. For example,
the mean exposed blood-iodine dose was 8.9 gl + an
SD of 2.1 gl resulting in a range of 6.8—-11.0 gl. Over
this range, the amount of SSDE normalized DNA DSBs
increased from 0.00021 to 0.00032 foci/cell or a 55.5%
increase in radiation-induced DNA DSBs. For the admin-
istered iodine dose, the mean was 24.7 gl + an SD
of 4.9 gl resulting in a range of 19.8-29.6 gl. Over
this range, the amount of SSDE normalized DNA DSBs
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increased from 0.00023 to 0.00031 foci/cell m/Gy or a
35.5% increase in radiation-induced DNA DSBs.

Differences in results between the blood and admin-
istered iodine dose can be explained due to varying
scan timing and patient physiology. Although the patient-
specific administered iodine dose targets a predefined
enhancement level in the coronary arteries, a similar
blood-iodine dose would be expected in all patients.
However, differences in cardiac output influence the tim-
ing of the scan relative to the CM bolus. A subopti-
mal scan timing will result in a deviating blood-iodine
dose, which will be high when scanned too early or
low after a late scan. The significant increase in DNA
DSBs with increasing iodine dose can be explained
by the higher levels of secondary electrons generated
with each photoelectric interaction between X-ray pho-
tons and iodine.!" This increased level of secondary
electrons is the main cause of radiation-induced DNA
DSBs.'"12 Results of Grudzenski et al. reported no
direct effect of ICM on radiation-induced DNA DSBs in
the absence of radiation,'® indicating that the increase
in DNA DSBs is a radiophysics effect instead of a phar-
macological cause.

The five NCE cardiac CT scans in our dataset allowed
us to compare our results with previously reported
contrast-enhanced versus NCE CT patient dosimetry
studies. They confirm the findings of these studies,
reporting an increase in DNA DSBs in blood lympho-
cytes with contrast-enhanced compared to NCE CT
scans.'%~12 Grudzenski et al.'” report an increase of
30%, 0%—58% by Pathe et al.'’, and 107%—267% by
Piechowiak et al.'?, considerably lower compared to the
393.3% increase reported in Table 322 Variation in the
reported percentages can be explained by differences
in study design: type of scan (cardiac, abdominal, chest,
etc.), scan parameters, patient radiation dose, con-
trast injection protocol, exposed blood volume, results
whether or not normalized by radiation dose, and pro-
cedure of DNA DSB quantification. Besides observing
additional radiation-induced DNA DSBs due to the pres-
ence of ICM, we also found that this amount of DNA
DSBs is dependent on the iodine dose, with significantly
less DNA DSBs after administration of a reduced CM
iodine dose. This confirms previously reported results
from a preclinical minipig study.?°

Not only the delivered radiation- and iodine dose but
also the irradiated blood volume has an impact on the
number of yH2AX foci in a blood sample. The mean
CTDlyg (10.6 + 5.6 mGy) and iodine dose (24.7 + 4.9
gl) of this study were comparable to recently published
radiation doses (4.6—10.3 mGy) and iodine doses (25.3
gl) in CCTA2° The mean exposed blood volume, mea-
sured in the CT images, was 683.0 + 118.3 ml, which is
approximately 13.7% of the average adult blood volume
of 5000 ml?? In the blood circulation, the irradiated blood
volume is mixed with non-irradiated blood, "diluting" the
observable number of yH2AX foci.
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Patients might have an increased baseline level of
DNA DSBs in case of previous exposure or medical
treatment. To minimize the study bias, criteria were for-
mulated to exclude patients who received X-ray expo-
sure, scintigraphy, and radio-or chemotherapy one week
before their enrollment. Furthermore, the pre-CT blood
samples collected to calculate the difference in the
amount of pre- and post-CT yH2AX foci serve as a con-
trol for baseline DNA DSBs.

The results of this study have some clinical impli-
cations. Annually, more than 30 million doses of intra-
venous ICM are administered, making them among
the most commonly prescribed agents in current med-
ical practice® Considering the controversy associated
with iodine dose-dependent adverse effects of CM and
the synergistic effect of CM iodine dose on radiation-
induced DNA DSBs, a conservative approach on the
administered iodine dose is advised in the context of
patient safety.”® Several studies already reported the
possibility of reducing the administered iodine dose in
CCTA without impairing image quality by combining a
low tube voltage and advanced image reconstruction
techniques?’3%-31 Nevertheless, the administration of
CM remains essential to correctly diagnose the underly-
ing pathology of the patient, which is more critical from
a medical point of view compared to the possible CM-
related adverse effects.

Our study had some limitations. First, is the lim-
ited amount of five NCE cardiac CT patients in the
study. However, the aim of this study was to investi-
gate the dose dependency of radiation-induced DNA
DSBs and not to compare the level of radiation-induced
DNA DSBs between CCTA and NCE cardiac CT. These
NCE patients were added to the dataset to obtain addi-
tional information on the level of radiation-induced DNA
DSBs in the absence of ICM and to complement our
model. The amount of radiation-induced DNA DSBs
of the NCE cardiac CT scans was also used to cal-
culate the percentage of increase in DNA DSBs at
different iodine dose levels. This allowed us to com-
pare our results with previously published studies, which
compared the amount of DNA DSBs after contrast-
enhanced with NCE CT. Second, the clinical conse-
quences of an increased level of DNA DSBs in periph-
eral blood lymphocytes remain unclear at this stage. Due
to the high turn-over rate of blood cells, the biological
impact of the radiation-induced DNA DSBs in the blood
lymphocytes is limited. However, they are the preferred
cell type to perform a yH2AX assay, since they are eas-
ily accessible with minor discomfort to the patient. Being
present in the blood pool, the lymphocytes are exposed
to higher iodine concentrations compared to cells of
solid organs. That is why a lower impact of CM iodine
dose on radiation-induced DNA DSBs is expected. A
recent study by Harbron et al. reported that, although the
majority of DNA damage is restricted to blood and the
vessel wall, secondary electrons with sufficient kinetic
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energy can escape blood vessels and reach the cell
nuclei of surrounding tissues.3? This is particularly true
in case ICM molecules reach the capillary network of
well-perfused organs like the liver, lung or kidneys, or
the interstitial fluid during the CT acquisition.>® Clinical
consequences might be limited in peripheral blood lym-
phocytes, they can be more severe in for example slow
dividing liver, lung, or kidney cells and can be an event in
the multistep carcinogenic process. Some studies even
report an estimated increase in organ dose up to 71%
with contrast-enhanced compared to NCE CT scans.3*
However, the relationship between radiation-induced
DNA DSBs and cancer development is still unknown
and will require large-scale epidemiologic studies. Due
to direct contact with the iodinated blood, the endothe-
lial cells of the vessel wall will be exposed to ICM
secondary electrons which might implicate a potential
increased risk of non-malignant circulatory disease. The
endothelium has been identified as a critical target in
the pathogenesis of the radiation-induced cardiovascu-
lar disease (CVD).2"35 The underestimation of the blood
vessel and endothelium dose by standard dosimetry
techniques may have consequences of underestimating
the radiation-induced health effects like CVD, especially
in interventional fluoroscopy procedures with high radi-
ation and ICM dose.

5 | CONCLUSIONS

In conclusion, we observe a CM iodine dose depen-
dency of radiation-induced DNA DSBs. Our results show
that DNA DSB levels increase linearly in blood lym-
phocytes with the iodine dose during a CCTA. Conven-
tional patient dosimetry, based on the estimated radi-
ation dose from the CT device, neglects this effect
of radiation and iodine dose on DNA DSBs. Using
yH2AX foci as a biomarker for the radiation-induced
DNA DSBs could allow the development of an iodine
dose-based coefficient factor to correct for the underes-
timation of the radiation dose and could improve indi-
vidual patient dosimetry. Besides their nephrotoxic and
cytotoxic side effects, the impact of iodine dose on
radiation-induced DNA DSBs is an extra argument for
iodine dose reducing measures in the interest of patient
safety. For each CCTA scan, an optimal balance must be
pursued between diagnostic image quality and the low-
est radiation and iodine dose necessary to achieve this.
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