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Abstract: Exposure to ionizing radiation (IR) is inevitable in various X-ray imaging examinations,
with computed tomography (CT) being a major contributor to increased human radiation exposure.
Ionizing radiation may cause structural damage to macromolecules, particularly DNA, mostly
through an indirect pathway in diagnostic imaging. The indirect pathway primarily involves the
generation of reactive oxygen species (ROS) due to water radiolysis induced by IR, leading to DNA
damage, including double-strand breaks (DSB), which are highly cytotoxic. Antioxidants, substances
that prevent oxidative damage, are proposed as potential radioprotective agents. This Study Protocol
article presents the rationale for selecting vitamin C as a preventive measure against CT-associated
IR-induced DNA damage, to be investigated in a randomized placebo-controlled trial, with a full
in vivo design, using an oral easy-to-use schedule administration in the outpatient setting, for the
single CT examination with the highest total global IR dose burden (contrast-enhanced abdomen
and pelvis CT). The study also aims to explore the mediating role of oxidative stress, and it has been
written in adherence to the Standard Protocol Items recommendations.

Keywords: computed tomography; ionizing radiation; oxidative stress; DNA damage; antioxidants;
vitamin C

1. Introduction
1.1. Ionizing Radiation in Medical Imaging: Computed Tomography and Patient Dose

Radiation encompasses any moving form of energy. It is categorized into ionizing and
non-ionizing forms. Ionizing radiation (IR) is further classified into high and low linear
energy transfer radiations. The latter, electromagnetic radiations (X-rays and vy radiation),
travel as waves that easily penetrate body tissues [1,2]. In particular, X-rays have become
increasingly used to reveal anatomy and internal organs for medical purposes (Figure 1).
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Figure 1. Classification of radiation, ionizing radiation, and examples including X-rays with its use in
medical imaging.

The average background radiation remains steady at 3 millisieverts (mSv) per year and
has shown minimal change over the past three to four decades [3]. However, total global per
capita radiation exposure doubled until 2010, largely attributed to the increasing radiation
from medical sources [3,4]. The escalating doses associated with computed tomography
(CT) scans have been identified as the primary driver [3]. In the United States in 2016,
230 CT scans per 1000 people were conducted, with abdomen and pelvis scans comprising
the largest category (~20 million) [5,6]. Yet, a recent global assessment (2009-2018) indicated
a greater CT increase in other countries [5]. While annual background radiation is ~3 mSy,
a whole-body CT scan exposes individuals to approximately 10 mSv [1,7].

For CT, radiation exposure is quantified with CT dose index-volume (CTDIvol) and
dose-length product (DLP) [3]. However, they do not provide an accurate patient dose
estimate [8,9] because they do not consider how much absorbed radiation dose biolog-
ically affects tissues [1]. Patient dose estimates need to consider standard-sized patient
region-specific “k factors” [8-12], which can then be adjusted for specific patient size and
shape [9,13-15]. The patient dose estimate termed effective dose (ED) is endorsed by the
International Code of Radiology Practice for dosimetry in diagnostic radiology [16], as it
was long developed by the International Commission on Radiological Protection [17].

Effective dose (ED) = DLP x k factor (corrected for specific-patient size)

DLP, scan region, and patient size enable the estimation of effective dose (ED), which is
the preferred radiation quantification parameter for assessing the individual patient effects
of CT-related IR exposure. For abdomen and pelvis CT, additional adjustments considering
abdominal fat may enhance the precision of ED estimation [18].

1.2. Ionizing Radiation and DNA Damage: Indirect Mechanism through Oxidative Stress

The notion of genetic material impairment resulting from ionizing radiation (IR), such
as chromosome breakage, precedes our comprehension of DNA’s structure [19]. Initially, a
direct pathway implicating collisions between high-energy particles or photons and DNA
strands was proposed. However, an oxidative stress (OS)-mediated indirect mechanism of
IR-induced DNA damage was later described, accounting for the majority (60 to 70%) of
the total DNA damage induced by IR [20-24]. OS occurs due to an imbalance between the
production of oxidant species and the activity of the antioxidant system, which favors the
first. This OS-mediated indirect mechanism was described as generating reactive oxygen
species (ROS) via IR-induced water radiolysis (Figure 2).
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Figure 2. Direct (30-40%) and indirect effects (60-70%) of exposure to ionizing radiation lead to DNA
damage.

Within a fraction of a second (10715 to 107 s), IR promotes the release of electrons,
triggering homolytic cleavage of covalent bonds, which generates free radicals and ROS.
While the direct pathway leads to immediate DNA damage, and the indirect pathway leads
to DNA damage both immediately and over varied timeframes, DNA damage occurring
after the first second of post-exposure contributes to total DNA damage in a significantly
minor proportion, with previous studies showing that DNA damage increases within the
first 5 min post-exposure and thereafter it decreases [25]. This evidence is in line with the
notion that experiments assessing DNA damage should take care to avoid repair of strand
breaks [26], providing the rationale to propose that DNA damage induced by IR may be
assessed with 5 min interval post CT. Some ROS are consumed in neutralizing reactions,
but those present in the cellular nucleus often engage in propagation reactions, potentially
leading to DNA damage, including double-strand breaks (DSBs) [20-24,27-30], which are
considered the most relevant and cytotoxic lesions. If not repaired or repaired incorrectly,
they can cause structural chromosomal abnormalities, possibly initiating mutations and
thereby contributing to carcinogenesis [31-33]. Phosphorylation of the histone variant
H2AX is one of the initial steps in the cellular response to DSBs. Hence, the immunofluo-
rescence analysis of this phosphorylated histone, i.e., y-H2AX, is widely used to monitor
IR-induced DNA damage [34].

1.3. Antioxidant Defense System: Exogenous Antioxidants against IR-Induced Oxidative Stress

Antioxidants are substances that delay, prevent, or eliminate oxidative damage to
target molecules [35-37]. Endogenous antioxidants serve as the primary defense against
OS by effectively neutralizing ROS [38,39]. Under conditions of heightened ROS levels,
however, endogenous defenses may be overwhelmed, resulting in OS [38,40]. In such cases,
exogenous antioxidants can bolster overall antioxidant defense [38,41], being proposed as
radioprotective agents through various mechanisms [28]. The mechanisms involved in IR-
induced DNA damaging and repairing by different radioprotectants have been previously
revised and detailed, with existing research suggesting that free radical scavenging and
induction of enzymatic endogenous antioxidants may play a significant role against most
of the IR-induced indirect DNA damage [37] (for a comprehensive overview on proposed
effects and mechanisms of different radioprotective agents, we underscore the in-depth
literature review article by Smith et al. [28]). Thus, biomarkers of the antioxidant capacity
(e.g., ferric reducing ability of plasma; FRAP assay [42]) previous to exposure may be
associated with IR-induced DNA damage.

Vitamin C has been described as one of the most potent antioxidants and can prevent
IR-induced DNA damage through direct and indirect antioxidant mechanisms [37,43,44].
Directly, it eliminates ROS due to its electron-donating capacity, which allows it to oxidize
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to dehydroascorbate [37]. At certain plasma concentrations, it also alters the reaction
between the superoxide anion and nitric acid [45,46]. Indirectly, vitamin C inhibits ROS-
producing enzymes and inflammatory responses via NF-«B pathway inhibition [38,47].
It prevents the OS-enhancing effect of endothelial nitric oxide synthase by stabilizing
tetrahydrobiopterin [38,46,48]. It also enhances the effect of other antioxidants, such as recy-
cling alpha-tocopherol [37,49]. A recent and growing body of evidence from experimental
studies with different designs (i.e., in vitro, in vivo, or mixed in vitro/in vivo) supports vi-
tamin C as a novel antioxidant intervention to reduce IR-induced DNA damage in patients
undergoing CT imaging (Supplementary Materials) [50-55].

Beyond vitamin C, previous in vitro studies [52,55] have also compared different
antioxidants, showing that vitamin C and NAC had the highest significant reduction of
the excess DNA damage induced by IR. In the clinical setting [51], the effect of vitamin C
was two-fold higher than that of NAC, even administered minutes prior to IR exposure,
which is an important consideration under the light of time-setting data showing that the
effect of NAC increases until its peak at minute ~30, with a steeper curve than vitamin C,
which reaches its peak at minute ~60 (which provides a rationale to propose that supple-
mentation strategies may maximize its impact at around 60 min post-intervention). Yet,
aiming for wide clinical use and a high impact on total global IR dose burden, intravenous
administration strategies may limit its clinical application. Moreover, it should also be
noted that high-dose antioxidant strategies may lead to counterproductive effects. Whereas
DNA protective effects may be observed at vitamin C plasma levels ~50 pmol/L [56],
breakage-type chromosomal aberrations may be induced at ~110 umol/L, of notice, even
in non-irradiated cells [57]. Although low oral doses of vitamin C (~600 mg) have shown
significant results in a mixed in vitro/in vivo study [53], consistent reduction of excess
DNA damage induced by IR is found with intermediate oral doses of ~1 g. It should be
underscored that no previous study has performed vitamin C measurements prior to (or
after) the supplementation strategy, which is lacking to provide further understanding
of how baseline vitamin C levels potentially influence result variability. Provided that
low /high doses of vitamin C are avoided, further evaluation of hypothetical increased
effects with the addition of other antioxidants could not be consistently provided with
current evidence from clinical studies. Yet, a combination of antioxidants showed a 58%
reduction of excess DNA damage [34], comparable to the 61% effect size found with in-
termediate oral doses of vitamin C [54], and in vitro studies have also failed to provide
consistent evidence supporting additive effects [52].

Existing literature holds the plea for further investigation into the mediating role
of OS previous to exposure in IR-induced DNA damage, particularly focusing on the
outpatient setting, with the single CT examination with the highest total global IR dose
burden (electromagnetic radiation, i.e., excluding particulate radiation), using the most
accurate estimation methods for patient dose. The initial premise that OS plays a significant
mediator role in CT-associated IR-induced DNA damage forms the basis for proposing
the hypothesis that enhancing antioxidant capacity through an exogenous antioxidant
intervention (1 g oral vitamin C, one hour prior to exposure) could offer new interventional
opportunities.

2. Materials and Methods
2.1. Study Design

This Study Protocol adheres to the Standard Protocol Items (SPIRIT) guidelines [58].
It outlines a prospective interventional randomized placebo-controlled study conducted
under blind conditions for both the assessors and the patients. The study will take place at
the Radiology Department of the academic University of Chile Clinical Hospital and has
received approval from the Medical Ethics Committee (AA 84/23 on 10 January 2024) and
hospital Board (AA 02/24 on 24 January 2024). Certification from the Office for Clinical
Research (AC 1399/24 on 25 January 2024) has been obtained. The Center Coordinators
are designated with specific roles (C.G.S. is the Principal Investigator, and A.L].G. is
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the Internal Responsible Investigator), and a Steering Committee has been established
comprising C.G.S., D.C., ALL].G., and R.R. Study protocol version identifier 1.0. Trial
intended registry name: PREvention of Ionizing Radiation-DNA damage through oxidative
stress in computed tomography with vitamin C (PREVIR-C)

2.2. Study Population and Recruitment

The study population comprises consecutive patients with health concerns related
to the abdomen and pelvis organs and a clinical indication for contrast-enhanced (CE)
abdomen and pelvis CT in the outpatient setting, with scheduled appointments at the Radi-
ology Department of the University of Chile Clinical Hospital. Patients will be recruited
via telephone call approximately 36-72 h before their appointment. Additionally, non-
IR-exposed health-related personnel volunteers and their relatives without an indication
of IR-associated examination will be recruited as a control group through a direct onsite
invitation from the researchers.

e Inclusion criteria: Male and female patients aged 18 to 75 capable of providing a
signed informed consent.

e  Exclusion criteria: Pregnant women, severe chronic kidney disease (glomerular filtra-
tion rate < 30 mL/min/1.73 m?), or contraindications for antioxidants supplementation
or iodinated contrast examinations. Genetic syndromes, onco-hematologic diseases
or history of peptic ulcers or urinary stones. Occupational exposure to IR; radiation
therapy or chemotherapy in the last 6 months, or exposure to other IR-associated
examinations in the previous 72 h or immediately after the abdomen and pelvis CT.
Use CE CT premedication, antioxidant supplementation regularly or on the day of the
CT exam, iron supplementation, or an iron-restricted diet.

e Sample size: proposed on the basis of other clinical studies to detect a significant
reduction of increased DNA damage in the interventional group [50-53]. Assuming
increases in y-H2AX foci ranging 1-99% (~20% dispersion [59]), a sample size of
n = 25 patients per group (assuming n = 3 missing values), there is an 80% power to
detect any mean difference between the placebo and interventional groups > 16%.

e  Study groups: Four groups, ANONE-NONE, BNONE-ExP, CpLAC-ExP and Dyirc.gxp, named
according to corresponding intervention (none/placebo/vitamin C) and exposure
(none/CE abdomen and pelvis CT), as detailed below. For reference on the study
subjects’” protocol timeline, please also see Figure 3.

a. AnoNE-NONE: Not recipients of any intervention (placebo or vitamin C) nor
exposure (CE abdomen and pelvis CT). Blood sample #1 (T},se) will be col-
lected 60-80 min before blood sample #2 (Tpest), with a clinical interview in
between (Tg).

b. BnonE-Exp: Not recipients of any intervention but exposed (Texp). Blood sam-
ple #2 (Tpost) will be collected 60-80 min after the blood sample #1, with a
clinical interview (T;) followed by the exposure (Texp) in between. Based on
comparative data with ANoNE-NONE (i-€., interim estimates of the exposure ef-
fect), re-estimation of the starting sample size (1 = 25) may be considered for
these non-interventional groups [60]. With an estimation of the exposure ef-
fect, randomized placebo-controlled enrollment will start for the interventional
(CpLac-exp/Dvitc-Exp) groups.

C. Cprac-exp: Recipients of a placebo (Tjy) and exposed (Texp). Blood sample
#2 will be collected immediately prior to CT. Blood sample #3 (Tpost) will be
collected 60-80 min after blood sample #1, with the administration of the placebo
(Tint), clinical interview (T;) and exposure (Texp) in between.

d. Dvrrcexp: Recipients of the oral vitamin C intervention (Tin) and exposed (Texp)-
Blood sample #2 will be collected immediately prior to CT. Blood sample #3
(Tpost) will be collected 60-80 min after blood sample #1, with the administration
of the vitamin intervention (Tj,;), clinical interview (T,;) and exposure (Texp)
in between.



J. Clin. Med. 2024, 13, 3866

6 of 13

Participant

Tbase
Baseline
60-80 mins before Tpost
(AnoNe-NoNE) OF exposure

(Bnone-Exe, CrLac-exp, Dvitcexe)

T

Tint Tci Texp Tpost
Intervention Clinical interview Exposure Post intervention-like time
50-70 mins before Texp After Tbase (Anone-None, Brone- 60-80 mins after Toase 60-80 mins after Tbase (Anone-
(Crracexe, Dvicexe) exp) or Tint (Ceiacexp, Dvicexe) (Bnone-exe) or 50-70 mins none) or 1-5 mins after Texp
after Tint (Ceuacexe,Dvircexe)  (Bnone-exe, Ceuacexe, Dvitcexe)

Figure 3. Study timeline. Ty, baseline, informed consent signing and collection of blood sam-
ple #1, 60-80 min before collection of blood sample #2 (all groups). Tjy, intervention (groups
CprLac-exp and Dyrrc.gxp), 50-70 min before Texp. T, clinical interview, immediately after Ty,se
(groups ANoNE-NONE and BnoNEe-Exp) OF Tint (groups Cpracexp and Dyircexp)- Texp, €xposure,
60-80 min after Tbase (BnonEg-Exp) Or 50-70 min after Ty,¢e (group Bnong-exp) or after Tyt (groups
Cprac-exp and Dyrcpxp), with the collection of blood sample #2 immediately prior to CT for
groups Cprac-exp and Dyrrc.exp- Tpost, post-intervention-like schedule, collection of blood sample
#2 (groups ANONE-NONE and BNonEe-exp) or #3 (groups Cprac-exp and Dyrrc-gxp), 60-80 min after
Thase, ~1-5 min after Texp for groups Bnone-Exp, CrLac-exp and Dyrrc exp-

2.3. Study Protocols

Study subjects’ protocol timeline: according to the study points shown in Figure 3.
Placebo/vitamin C intervention: Patients to be exposed (i.e., with an indication of CE
abdomen and pelvis CT in the outpatient setting) to the interventional parallel groups
Cprac-exp and Dyirc.pxp will be randomly assigned to receive the one-time oral
placebo or vitamin C intervention with a 1:1 ratio by means of computer-generated
randomization (SPSS Inc., Chicago, IL, USA), 50-70 min before the CT exposure.
The researcher will generate and assign treatment allocation without any interaction
with study subjects (D.C.). Group Cppac-gxp patients will be orally administered the
placebo as effervescent tablets dissolved in 250 mL water. Group Dyirc-gxp patients
will be orally administered the vitamin C intervention (1 g) as effervescent tablets
dissolved in 250 mL water. The placebo is prepared by the laboratory with the same
presentation (package, color) and the same excipients of the active drug, organic acids
(citric or tartaric) to simulate the acidity and an inert substance (starch or similar) to
achieve the equivalent weight. The subjects and the researcher in charge of enrolment
and placebo/vitamin C administration (C.G.S.) will be blind to treatment allocation.
D.C. will reveal participants allocated to intervention only after the results of the
primary and secondary outcomes have been.

e Two-phase CE abdomen and pelvis CT study protocol: All patients will be examined
on first-generation dual-energy CT scanners (SOMATOM Definition Edge, Siemens
Healthineers, Erlangen, Germany). The scanning ranges from the top of the diaphragm
to the pubic symphysis. CT scanning parameters are as follows: tube voltage, 100 kVp
(reference); effective tube current, 180 mAs (reference); rotation time, 0.5 s. Following
non-contrast scanning, a non-ionic contrast agent will be administered intravenously.
For patients > 60 kg of total body weight, 120 mL will be administered; for patients <
60 kg of total body weight, 100 mL will be administered (2.5-3.0 mL/s) (Table 1).
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Table 1. CT scanning parameters.
Parameters Non-Contrast Phase Contrast-Enhanced Phase

kV (reference) 100 100

mAs (reference) 180 180
Dose optimization level 3 7

Rotation time (s) 0.5 0.5

Delay (s) 2 80
Pitch 1 1

Collimator (mm) 128 x 0.6 128 x 0.6

2.4. Data Collection

Intervention (Tjnt):

Antioxidant intervention: Drug (manufacturer, batch), dose, administration, supervis-
ing physician, time of completion, immediate adverse effects. Late adverse effects will
be collected or actively investigated monthly by C.G.S.

Placebo: Tablets having the same features as active ones. Drug (manufacturer, batch),
dose, administration, supervising physician, time of completion, and immediate
adverse effects. Late adverse effects will be collected or actively investigated monthly
by C.GS.

Clinical interview (T):

Clinical history: Age, sex, occupation, allergies, immunizations, family history of
diseases, comorbidities, surgical history, medication, supplementation, and hospital
admissions. Pregnancies, births, and abortions.

Habits: Physical activity (GPAQ), alcohol use (AUDIT), smoking status, history of
recreational drugs. Sleep hygiene (Sleep Hygiene Index). Dietary questionnaire.
History of exposure to toxic substances. Perceived Stress Scale 4 (PSS-4).

Physical examination: Weight, height, abdominal circumference, body fat percentage,
temperature, heart rate, systolic and diastolic arterial pressure.

CE abdomen and pelvic CT indication: Acute disease history, referral physician,
working diagnosis or CT indication, CT report.

Exposure (Texp):

CT acquisition parameters: Time of non-contrast and CE phase CT acquisition; CT
scanner manufacturer and model; scanning range; tube voltage and current; rotation
time; contrast agent type, manufacturer, total volume and flow rate; saline type,
manufacturer, total volume and flow-rate; portal phase delay time.

Radiation dose estimation: CTDIvol; DLP; ED.

Post-intervention-like schedule: Imaging and laboratory tests are available in the

electronic clinical records within 30 days before and after the exposure.

Post-study subjects” protocol: Blood sample determinations: Blood samples #1 (Tpase)

and #2 (Tpost), 10 mL each, will be collected for laboratory determination of the study
outcomes.

Oxidative stress laboratory determinations (secondary outcomes): Vitamin C (blood
samples #1 and #2 for groups AnonE-NONE and BnoNEg-Exp, and blood samples #1, #2,
and # for groups Cppac-pxp and Dyrc.pxp). Plasma FRAP, malondialdehyde (MDA),
and F,-isoprostane levels. Laboratory determinations will be performed by trained
personnel under supervision (A.G. and R.R.).

DNA damage laboratory determination (primary outcome): Immunofluorescence
analyses of isolated peripheral lymphocytes incubated with a specific y-H2AX an-
tibody. Laboratory determinations will be performed by trained personnel under
supervision (M.M.).
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2.5. Data Storage

The Data Monitoring Committee will be composed of C.G.S., C.G., B.R. and D.C (head).
Data will be anonymized and stored in the cloud-based data center SASIBA, with limited
access to the researchers (in particular, access to the randomization spreadsheet will be
granted only to D.C.). SASIBA is a service generated by the Data Unit of the Center for
Medical Informatics and Telemedicine of the Faculty of Medicine, which is available to
the local scientific community. This Server (Hosting, VPS, Housing) will be used as a local
Dropbox (OwnCloud) with automatic data backup (Oops!Backup Windows, TimeMachine
Mac). This data center is housed in the central data center of the University of Chile, under
the same standard of care as the sensitive data of the University, following physical security
policies equivalent to TIER-2/3. The Dell Unity equipment follows multiple standards,
including the Health Insurance Portability and Accountability Act of 1996 (HIPAA), and
the core Vmware software also supports HIPAA.

2.6. Statistical Analysis

Continuous variables will be summarized as mean values + standard deviations if
normally distributed and compared with Student’s t-tests. Continuous variables will be
summarized as median (interquartile ranges) if they are non-normally distributed and
compared with Mann-Whitney U-tests. Dichotomous variables will be summarized as
percentages and compared using Chi-squared tests. ANOVA tests will be performed to
compare changes among the three subgroups. Box and whisker plots will be built to
illustrate differences in OS and DNA damage biomarkers. Spearman and linear regression
analyses will be performed to evaluate correlations and multivariate associations. Multi-
variate logistic regression analyses will be performed to evaluate determinants of y-H2AX
foci change. To examine whether the potential association of IR doses with y-H2AX foci
change is mediated by OS biomarkers, mediation analyses will be performed with the
method described by Preacher and Hayes [61,62], which allows for testing the significance
and magnitude of mediation. In all analyses, a two-sided significance level of p < 0.05
will be considered statistically significant. Data will be analyzed using IBM SPSS software
version 29 (SPSS Inc., Chicago, IL, USA), STATA 18 (STATA Corp., College Station, TX,
USA), and R version 4.3.1 (R Foundation for Statistical Computing, Vienna, Austria).

3. Discussion

This study is a limited, academic, randomized, placebo-controlled, four-arm clinical
trial designed to evaluate the intervention consisting of an oral dose of vitamin C to
counteract OS-mediated DNA damage in the scenario of exposure to IR-associated two-
phase CE abdomen and pelvis CT.

The endpoints of the study are: (1) To compare the pre- and post-exposure change on
OS and DNA-damage biomarkers in peripheral blood between exposed (not recipients of
the oral vitamin C antioxidant intervention) and not exposed subjects (at an equivalent
interval time); (2) To compare the pre- and post-exposure change on OS and DNA-damage
biomarkers in peripheral blood among exposed patients, between recipients of a placebo,
recipients of the oral vitamin C antioxidant intervention and not recipients of an interven-
tion; (3) To estimate the mediating effect of IR-induced OS on DNA-damage biomarkers in
peripheral blood of exposed subjects; and (4) To compare the total mediating effect of OS
on IR-induced DNA damage among exposed subject, between recipients and not recipients
of the oral vitamin C antioxidant intervention.

Beyond previous in vitro or mixed in vivo/in vitro studies [53], to the best of our
knowledge, this is the first clinical outpatient study to be expressly designed to evaluate
both (1) the preliminary assumption that OS plays a significant mediator role in IR-induced
DNA damage; and (2) the hypothesis that enhancing the antioxidant capacity previous
to exposure through an easy-to-use oral antioxidant intervention may counteract the
associated IR-induced DNA damage through counterbalancing the OS-mediating effect on
total DNA damage increase.
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Previous clinical studies [51,54] have investigated the hypothesis that an antioxidant
intervention may counteract the IR-induced DNA damage without studying OS biomarkers
to quantitatively size the mediating effect through this pathway, limiting further under-
standing of the underlying mechanisms and the overall potential of antioxidant intervention
strategies. This is an important distinct methodological feature to aid in proposing further
novel approaches. Compared to the study by Stehli et al. [51], which randomized patients
to receive an intravenous antioxidant intervention, the current study aims to evaluate
a simple oral intervention that may be used routinely in the outpatient setting, further
making it unique in terms of its potential clinical impact. Also, the current study is cen-
tered on a clinical imaging examination with the most IR patient dose burden according
to current international radiation dose estimation data, which is a strength compared to
most previous studies in terms of the potential impact of its findings. Departing from a
previous clinical outpatient study by Tao et al. [54], the current study proposes the use of
patient dose estimates to allow for a comparison of its results with that of further studies
on different IR-based clinical imaging examinations associated with stochastic effects in
risk estimation fashion according to international recommendations.

Furthermore, this is the first study to be performed in a multiple-group setting, with
either exposure or no exposure, receiving either placebo, the antioxidant intervention or
no intervention, each with appropriate statistical power, which is another strength of this
study protocol to advance currently available literature. It should also be underscored
that our measurements of baseline vitamin C will provide data for the first time to better
characterize the clinical need for vitamin C supplementation to counterbalance IR-induced
DNA damage. We also expect that the design and execution by a multidisciplinary team
will allow a better understanding and more precise quantification of the role of OS mecha-
nisms on the pathways that lead to IR-associated DNA damage, opening new avenues for
potential counteracting effects by antioxidant interventions.

The main limitations of our study are the use of a single CT protocol, a single antioxi-
dant strategy, and a single-center design. Although current literature could not consistently
support the hypothesis that a combination of antioxidants may provide an additive effect
to vitamin C [52], whether a combination of antioxidants could offer better protection in
particular clinical scenarios remains to be explored in further studies. We also acknowledge
the use of a single DNA damage measurement method, whereas analyzing phosphorylation
of ATM/ATR, p53, or cell death could provide a more detailed understanding and may be
warranted in further studies. Lastly, while the current study is focused on the immediate
effects of IR-induced OS mechanisms mediating DNA damage, the ultimate goal of advanc-
ing knowledge in this field is to provide the theoretical and evidence-based background
that allows the study of potential long-term effects, e.g., whether the expected immediate
effects may lower the risk of cancer among other, which remains as the follow-up research
task to appropriately design with the results of the current study.

Computed tomography continues to be a matter of wide attention because of reports
suggesting associated cancer risk, unexpected overexposures, over-utilization or inappro-
priate use, which heighten interest in making CT safer [63,64]. Reaction to these concerns
has come from stakeholders, manufacturers, medical physicists, researchers and users,
yet recent studies are again raising concerns related to these risks for a large number of
patients [64,65]. Traditionally, the overuse of CT has often been attributed as the primary
cause. However, recent data is derived from studies conducted in institutions with effective
control mechanisms. In these settings, CT requests are filtered through a clinical decision
support system, the typical CT doses are well below the national benchmark, and clinicians
assess the CT indication appropriateness at outstanding high levels [64,65]. This study
deals with the need expressed by the growing body of literature that leads to the conclusion
that there is a need to increase awareness about potential opportunities focused on the
opposing/receiving end of medical IR, particularly the defense system of patients against
IR exposure. Further research is needed on novel intervention strategies to enhance the
antioxidant capacity against IR-induced DNA damage.
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In conclusion, this is the first study designed to determine the mediating effects of
IR-induced OS on DNA damage and the counteracting effect in recipients of an oral vitamin
C intervention prior to IR exposure in the clinical scenario of outpatients undergoing two-
phase CE abdomen and pelvis CT. Potentially favorable results of this study will generate
the basis for larger clinical trials to further explore novel antioxidant strategies to counteract
OS-mediated DNA damage in the scenario of exposure to IR-associated medical imaging
examinations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm13133866/s1, Table S1: Experimental studies of vitamin C-
based antioxidant interventions to reduce ionizing radiation-induced DNA damage.

Author Contributions: C.G.S. conceived the original idea and is responsible for the execution of this
trial. D.C., A.A.L].G. and R.R. contributed to the methodology and supervise the execution of this
trial. C.G.S. wrote the original draft with the contribution of C.G., M.S., N.M.-B., C.O. and B.R. G.E.,
AS.,G.C.,SY, J.D.-]., J.d.G. and M.M. reviewed and edited following versions of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This study is sponsored by the Radiology Department of the University of Chile Clinical
Hospital, the Laboratory of Oxidative Stress and Nephrotoxicity from the Molecular and Clinical
Pharmacology Program (Institute of Biomedical Sciences, Faculty of Medicine; FONDECYT grant
1211850), and the Human Genetics Program (Institute of Biomedical Sciences, Faculty of Medicine,
FONDECYT 11181329), all which belong to the University of Chile (contact telephone number +562-
2978-2000 and address Av. Libertador Bernardo O’Higgins 1058, Santiago 8330111, Chile), a public
institution, providing financial support without intervening either in the study design, execution,
data interpretation or in the trial results” communications.

Institutional Review Board Statement: This protocol was submitted (1 December 2023) for approval
to the Medical Ethics Committee of the University of Chile Clinical Hospital and approved (AA 84/23
on 10 January 2024). In case of amendments to the protocol, approval will be requested from the Med-
ical Ethics Committee (contact telephone number +562-2978-9008 and e-mail comiteetica@hcuch.cl).
Subsequently, the investigators, trial participants, and trial registries will be informed. The research
team will collect, assess reports, and manage the data monitoring and reported adverse events. Any
data, forms, reports, results, and other records will be identified only with a participant identification
number to maintain confidentiality. All records will be kept in a locked file cabinet. All computer and
networking entries will only be done using identification numbers, where possible. All computers
that contain records are password-protected. Information will not be released.

Informed Consent Statement: Written informed consent will be obtained from all patients prior to
trial participation.

Data Availability Statement: The datasets generated and/or analyzed during the current study
are available through the corresponding author upon reasonable request. Study results will be
disseminated at international conferences and published in peer-reviewed scientific journals. Camilo
G. Sotomayor (MD, PhD) is responsible for replying to public and scientific queries (contact telephone
number +562-2978-8412, e-mail camilosotomayor@uchile.cl, and address Dr. Carlos Lorca Tobar 999,
University of Chile Clinical Hospital, Radiology Department, Santiago 8380453, Chile).

Acknowledgments: The authors thank Diego Garcia, Analia Radl, Patricio Palavecino, David Ladron
de Guevara, and Cristian Garrido for their role as external researchers overseeing this trial. We
also thank Diego Soto, Jorge Hidalgo, Katherine Marcelain, Yalda Lucero, Maria Elena Santolaya,
Daniel Rios, Paul Délano, and Eduardo Tobar for their collaboration and contribution to performing
this study.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Akram, S.; Chowdhury, Y.S. Radiation Exposure of Medical Imaging; StatPearls: Treasure Island, FL, USA, 2022.
2. IAEA.IAEA Safety Glossary 2018 Edition IAEA Safety Standards and Related Publications; IAEA Library Cataloguing in Publication
Data; International Atomic Energy Agency: Vienna, Austria, 2019; p. 278.


https://www.mdpi.com/article/10.3390/jcm13133866/s1
https://www.mdpi.com/article/10.3390/jcm13133866/s1

J. Clin. Med. 2024, 13, 3866 11 0f 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Mettler, F.A.; Bhargavan, M.; Faulkner, K.; Gilley, D.B.; Gray, ].E.; Ibbott, G.S.; Lipoti, J.A.; Mahesh, M.; McCrohan, J.L.; Stabin,
M.G.; et al. Radiologic and Nuclear Medicine Studies in the United States and Worldwide: Frequency, Radiation Dose, and
Comparison with Other Radiation Sources—1950-2007. Radiology 2009, 253, 520-531. [CrossRef] [PubMed]

United Nations Scientific Committee on the Effects of Atomic Radiation. UNSCEAR 2020/2021 Report to the General Assembly, with
Scientific Annexes; United Nations Scientific Committee on the Effects of Atomic Radiation: Vienna, Austria, 2021; Volume I, ISBN
9789211392067.

Mahesh, M.; Ansari, A.].; Mettler, EA. Patient Exposure from Radiologic and Nuclear Medicine Procedures in the United States
and Worldwide: 2009-2018. Radiology 2023, 307, €221263. [CrossRef] [PubMed]

National Council on Radiation Protection and Measurements. NCRP Report 160; National Council on Radiation Protection and
Measurements: Bethesda, MD, USA, 2009.

Kanal, K.M.; Butler, PF.; Sengupta, D.; Bhargavan-Chatfield, M.; Coombs, L.P.; Morin, R.L. U.S. Diagnostic Reference Levels and
Achievable Doses for 10 Adult CT Examinations. Radiology 2017, 284, 120-133. [CrossRef] [PubMed]

Brink, J.A.; Boice, ].D. Science to Practice: Can Antioxidant Supplements Protect against the Possible Harmful Effects of Ionizing
Radiation from Medical Imaging? Radiology 2012, 264, 1-2. [CrossRef] [PubMed]

McCollough, C.H,; Leng, S.; Yu, L.; Cody, D.D.; Boone, ].M.; McNitt-Gray, M.F. CT Dose Index and Patient Dose: They Are Not
the Same Thing. Radiology 2011, 259, 311-316. [CrossRef] [PubMed]

Shrimpton, P. Assessment of Patient Dose in CT. In European Guidelines for Multislice Computed Tomography Funded by the European
Commission; European Commission: Brussels, Belgium, 2004.

Shrimpton, P.; Hillier, M.; Lewis, M.; Dunn, M. Doses from Computed Tomography (CT) Examinations in the UK-2003 Review; NRPB:
Chilton, UK, 2005.

Christner, ].A.; Kofler, ].M.; McCollough, C.H. Estimating Effective Dose for Ct Using Dose-Length Product Compared with Using
Organ Doses: Consequences of Adopting International Commission on Radiological Protection Publication 103 or Dual-Energy
Scanning. Am. ]. Roentgenol. 2010, 194, 881-889. [CrossRef]

Siegel, M.].; Schmidt, B.; Bradley, D.; Suess, C.; Hildebolt, C. Radiation Dose and Image Quality in Pediatric CT: Effect of Technical
Factors and Phantom Size and Shape. Radiology 2004, 233, 515-522. [CrossRef] [PubMed]

Turner, A.; Zankl, M.; Demarco, J.; Angel, E.; Zhang, D.; McNitt-Gray, M. A Method to Estimate Organ Doses from Multidetector
Row CT Abdominal Exams from Patient Sized Cor- Rected CT Dose Index (CTDI) Values: A Monte Carlo Study. In Proceedings of
the Radiological Society of North America Scientific Assembly And Annual Meeting Program, Chicago, IL, USA, 29 November—4
December 2009; Radiological Society of North America: Oak Brook, IL, USA, 2009.

DeMarco, J.J.; Cagnon, C.H.; Cody, D.D.; Stevens, D.M.; McCollough, C.H.; Zankl, M.; Angel, E.; McNitt-Gray, M.F. Estimating
Radjiation Doses from Multidetector CT Using Monte Carlo Simulations: Effects of Different Size Voxelized Patient Models on
Magnitudes of Organ and Effective Dose. Phys. Med. Biol. 2007, 52, 2583. [CrossRef]

Pernicka, F.; McLean, I. Dosimetry in Diagnostic Radiology: An International Code of Practice; International Atomic Energy Agency:
Vienna, Austria, 2007.

Sowby, E.D. Annals of the ICRP. Ann. ICRP 1981, 6, 1. [CrossRef]

Chan, V.O.; McDermott, S.; Buckley, O.; Allen, S.; Casey, M.; O'Laoide, R.; Torreggiani, W.C. The Relationship of Body Mass Index
and Abdominal Fat on the Radiation Dose Received During Routine Computed Tomographic Imaging of the Abdomen and
Pelvis. Can. Assoc. Radiol. J. 2012, 63, 260-266. [CrossRef]

Sax, K. Chromosome Aberrations Induced by X-Rays. Genetics 1938, 23, 494. [CrossRef] [PubMed]

Santivasi, W.L.; Xia, F. Ionizing Radiation-Induced DNA Damage, Response, and Repair. Antioxid. Redox Signal. 2014, 21, 251-259.
[CrossRef] [PubMed]

Nickoloff, J.A.; Boss, M.K.; Allen, C.P.; LaRue, S.M. Translational Research in Radiation-Induced DNA Damage Signaling and
Repair. Transl. Cancer Res. 2017, 6, S875-5891. [CrossRef] [PubMed]

Eccles, L.J.; O’Neill, P; Lomax, M.E. Delayed Repair of Radiation Induced Clustered DNA Damage: Friend or Foe? Mutat. Res.
Fundam. Mol. Mech. Mutagen. 2011, 711, 134-141. [CrossRef] [PubMed]

Sage, E.; Harrison, L. Clustered DNA Lesion Repair in Eukaryotes: Relevance to Mutagenesis and Cell Survival. Mutat. Res.
Fundam. Mol. Mech. Mutagen. 2011, 711, 123-133. [CrossRef] [PubMed]

Maier, P; Hartmann, L.; Wenz, F,; Herskind, C. Cellular Pathways in Response to Ionizing Radiation and Their Targetability for
Tumor Radiosensitization. Int. J. Mol. Sci. 2016, 17, 102. [CrossRef] [PubMed]

Rothkamm, K.; Balroop, S.; Shekhdar, J.; Fernie, P.; Goh, V. Leukocyte DNA Damage after Multi-Detector Row CT: A Quantitative
Biomarker of Low-Level Radiation Exposure. Radiology 2007, 242, 244-251. [CrossRef] [PubMed]

Azqueta, A.; Shaposhnikov, S.; Collins, A.R. DNA Oxidation: Investigating Its Key Role in Environmental Mutagenesis with the
Comet Assay. Mutat Res 2009, 674, 101-108. [CrossRef]

Cannan, W.J.; Pederson, D.S. Mechanisms and Consequences of Double-Strand DNA Break Formation in Chromatin. J. Cell.
Physiol. 2016, 231, 3-14. [CrossRef]

Smith, T.A.; Kirkpatrick, D.R.; Smith, S.; Smith, T.K.; Pearson, T.; Kailasam, A.; Herrmann, K.Z.; Schubert, J.; Agrawal, D.K.
Radioprotective Agents to Prevent Cellular Damage Due to Ionizing Radiation. . Transl. Med. 2017, 15, 232. [CrossRef]


https://doi.org/10.1148/radiol.2532082010
https://www.ncbi.nlm.nih.gov/pubmed/19789227
https://doi.org/10.1148/radiol.221263
https://www.ncbi.nlm.nih.gov/pubmed/36511806
https://doi.org/10.1148/radiol.2017161911
https://www.ncbi.nlm.nih.gov/pubmed/28221093
https://doi.org/10.1148/radiol.12120712
https://www.ncbi.nlm.nih.gov/pubmed/22723556
https://doi.org/10.1148/radiol.11101800
https://www.ncbi.nlm.nih.gov/pubmed/21502387
https://doi.org/10.2214/AJR.09.3462
https://doi.org/10.1148/radiol.2332032107
https://www.ncbi.nlm.nih.gov/pubmed/15358847
https://doi.org/10.1088/0031-9155/52/9/017
https://doi.org/10.1016/0146-6453(81)90127-5
https://doi.org/10.1016/j.carj.2011.02.006
https://doi.org/10.1093/genetics/23.5.494
https://www.ncbi.nlm.nih.gov/pubmed/17246897
https://doi.org/10.1089/ars.2013.5668
https://www.ncbi.nlm.nih.gov/pubmed/24180216
https://doi.org/10.21037/tcr.2017.06.02
https://www.ncbi.nlm.nih.gov/pubmed/30574452
https://doi.org/10.1016/j.mrfmmm.2010.11.003
https://www.ncbi.nlm.nih.gov/pubmed/21130102
https://doi.org/10.1016/j.mrfmmm.2010.12.010
https://www.ncbi.nlm.nih.gov/pubmed/21185841
https://doi.org/10.3390/ijms17010102
https://www.ncbi.nlm.nih.gov/pubmed/26784176
https://doi.org/10.1148/radiol.2421060171
https://www.ncbi.nlm.nih.gov/pubmed/17185671
https://doi.org/10.1016/j.mrgentox.2008.10.013
https://doi.org/10.1002/jcp.25048
https://doi.org/10.1186/s12967-017-1338-x

J. Clin. Med. 2024, 13, 3866 12 of 13

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Wan, X.S.; Ware, ]. H.; Zhou, Z.; Donahue, ].J.; Guan, J.; Kennedy, A.R. Protection against Radiation-Induced Oxidative Stress in
Cultured Human Epithelial Cells by Treatment with Antioxidant Agents. Int. ]. Radiat. Oncol. Biol. Phys. 2006, 64, 1475-148]1.
[CrossRef] [PubMed]

Borrego-Soto, G.; Ortiz-Lopez, R.; Rojas-Martinez, A. Ionizing Radiation-Induced DNA Injury and Damage Detection in Patients
with Breast Cancer. Genet. Mol. Biol. 2015, 38, 420-432. [CrossRef] [PubMed]

Nematollahi, H.; Haddadi, G.; Jorat, M.V. The Effect of Vitamin c on Apoptosis and Bax/Bcl-2 Proteins Ratio in Peripheral Blood
Lymphocytes of Patients during Cardiac Interventional Procedures. . Biomed. Phys. Eng. 2020, 10, 421-432. [CrossRef] [PubMed]
Jackson, S.P.; Bartek, J]. The DNA-Damage Response in Human Biology and Disease. Nature 2009, 461, 1071-1078. [CrossRef]
[PubMed]

O’Driscoll, M.; Jeggo, P.A. The Role of Double-Strand Break Repair—Insights from Human Genetics. Nat. Rev. Genet. 2006, 7,
45-54. [CrossRef] [PubMed]

Kuefner, M.A.; Brand, M.; Ehrlich, J.; Braga, L.; Uder, M.; Semelka, R.C. Effect of Antioxidants on X-Ray-Induced y-H2AX Foci in
Human Blood Lymphocytes: Preliminary Observations. Radiology 2012, 264, 59—67. [CrossRef] [PubMed]

Halliwell, B. Antioxidant Characterization. Methodology and Mechanism. Biochem. Pharmacol. 1995, 49, 1341-1348. [CrossRef]
[PubMed]

Sies, H.; Stahl, W.; Sundquist, A.R. Antioxidant Functions of Vitamins: Vitamins E and C, Beta-Carotene, and Other Carotenoids.
Ann. N. Y. Acad. Sci. 1992, 669, 7-20. [CrossRef] [PubMed]

Gulcin, I. Antioxidants and Antioxidant Methods: An Updated Overview. Arch. Toxicol. 2020, 94, 651-715. [CrossRef]

Rodrigo, R.; Prieto, J.C.; Castillo, R. Cardioprotection against Ischaemia/Reperfusion by Vitamins C and E plus n-3 Fatty Acids:
Molecular Mechanisms and Potential Clinic Applications. Clin. Sci. 2013, 124, 1-15. [CrossRef]

Christofidou-Solomidou, M.; Muzykantov, V.R. Antioxidant Strategies in Respiratory Medicine. Treat. Respir. Med. 2006, 5, 47-78.
[CrossRef]

Imam, M.U.; Zhang, S.; Ma, J.; Wang, H.; Wang, F. Antioxidants Mediate Both Iron Homeostasis and Oxidative Stress. Nutrients
2017, 9, 671. [CrossRef] [PubMed]

He, L.; He, T,; Farrar, S.; Ji, L.; Liu, T.; Ma, X. Antioxidants Maintain Cellular Redox Homeostasis by Elimination of Reactive
Oxygen Species. Cell. Physiol. Biochem. 2017, 44, 532-553. [CrossRef] [PubMed]

Benzie, LEF,; Strain, J.J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure of “Antioxidant Power”: The FRAP Assay.
Anal. Biochem. 1996, 239, 70-76. [CrossRef] [PubMed]

Caritd, A.C.; Fonseca-Santos, B.; Shultz, ].D.; Michniak-Kohn, B.; Chorilli, M.; Leonardi, G.R. Vitamin C: One Compound, Several
Uses. Advances for Delivery, Efficiency and Stability. Nanomedicine 2020, 24, 102117. [CrossRef] [PubMed]

Weber, P; Bendich, A.; Schalch, W. Vitamin C and Human Health—A Review of Recent Data Relevant to Human Requirements.
Int. |. Vitam. Nutr. Res. 1996, 66, 19-30. [PubMed]

Singh, VK.; Wise, S.Y.; Fatanmi, O.O.; Scott, ].; Romaine, P.L.P.; Newman, V.L.; Verma, A.; Elliott, T.B.; Seed, T.M. Progenitors
Mobilized by Gamma-Tocotrienol as an Effective Radiation Countermeasure. PLoS ONE 2014, 9, e114078. [CrossRef] [PubMed]
Yang, Z.; Ming, X.E Recent Advances in Understanding Endothelial Dysfunction in Atherosclerosis. Clin. Med. Res. 2006, 4, 53—65.
[CrossRef] [PubMed]

Kondo, H.; Takahashi, M.; Niki, E. Peroxynitrite-Induced Hemolysis of Human Erythrocytes and Its Inhibition by Antioxidants.
FEBS Lett. 1997, 413, 236-238. [CrossRef]

Ates, B.; Abraham, L.; Ercal, N. Antioxidant and Free Radical Scavenging Properties of N-Acetylcysteine Amide (NACA) and
Comparison with N-Acetylcysteine (NAC). Free Radic. Res. 2008, 42, 372-377. [CrossRef]

Kamal-Eldin, A.; Budilarto, E. Tocopherols and Tocotrienols as Antioxidants for Food Preservation. In Handbook of Antioxidants for
Food Preservation; Woodhead Publishing: Sawston, UK, 2015; pp. 141-159. [CrossRef]

Xiao, L.; Tsutsui, T.; Miwa, N. The Lipophilic Vitamin C Derivative, 6-o-Palmitoylascorbate, Protects Human Lymphocytes,
Preferentially over Ascorbate, against X-Ray-Induced DNA Damage, Lipid Peroxidation, and Protein Carbonylation. Mol. Cell.
Biochem. 2014, 394, 247-259. [CrossRef] [PubMed]

Stehli, J.; Fuchs, T.A.; Ghadri, J.R.; Gaemperli, O.; Fiechter, M.; Kaufmann, P.A. Antioxidants Prevent DNA Double-Strand Breaks
From X-Ray-Based Cardiac Examinations. J. Am. Coll. Cardiol. 2014, 64, 117-118. [CrossRef] [PubMed]

Brand, M.; Sommer, M.; Ellmann, S.; Wuest, W.; May, M.S.; Eller, A.; Vogt, S.; Lell, M.M.; Kuefner, M.A.; Uder, M. Influence of
Different Antioxidants on X-Ray Induced DNA Double-Strand Breaks (DSBs) Using y-H2AX Immunofluorescence Microscopy in
a Preliminary Study. PLoS ONE 2015, 10, e0127142. [CrossRef] [PubMed]

Rostami, A.; Moosavi, S.A.; Moghadam, H.D.; Bolookat, E.R. Micronuclei Assessment of the Radioprotective Effects of Melatonin
and Vitamin C in Human Lymphocytes. Cell J. 2016, 18, 46-51. [PubMed]

Tao, S.M.; Zhou, E; Joseph Schoepf, U.; Fischer, A.M.; Giovagnoli, D.; Lin, Z.X.; Zhou, C.S.; Lu, G.M.; Zhang, L.J. The Effect of
Prophylactic Oral Vitamin C Use on DNA Double-Strand Breaks after Abdominal Contrast-Enhanced CT: A Preliminary Study.
Eur. ]. Radiol. 2019, 117, 69-74. [CrossRef] [PubMed]

Bicheru, N.S.; Haidoiu, C.; Calborean, O.; Popa, A.; Porosnicu, I.; Hertzog, R. Effect of Different Antioxidants on X-Ray Induced
DNA Double-Strand Breaks Using y-H2AX in Human Blood Lymphocytes. Health Phys. 2020, 119, 101-108. [CrossRef]

Sram, R.J.; Binkova, B.; Rossner, P. Vitamin C for DNA Damage Prevention. Mutat. Res. Fundam. Mol. Mech. Mutagen. 2012, 733,
39-49. [CrossRef]


https://doi.org/10.1016/j.ijrobp.2005.11.024
https://www.ncbi.nlm.nih.gov/pubmed/16472936
https://doi.org/10.1590/S1415-475738420150019
https://www.ncbi.nlm.nih.gov/pubmed/26692152
https://doi.org/10.31661/jbpe.v0i0.917
https://www.ncbi.nlm.nih.gov/pubmed/32802790
https://doi.org/10.1038/nature08467
https://www.ncbi.nlm.nih.gov/pubmed/19847258
https://doi.org/10.1038/nrg1746
https://www.ncbi.nlm.nih.gov/pubmed/16369571
https://doi.org/10.1148/radiol.12111730
https://www.ncbi.nlm.nih.gov/pubmed/22509049
https://doi.org/10.1016/0006-2952(95)00088-H
https://www.ncbi.nlm.nih.gov/pubmed/7763275
https://doi.org/10.1111/j.1749-6632.1992.tb17085.x
https://www.ncbi.nlm.nih.gov/pubmed/1444060
https://doi.org/10.1007/s00204-020-02689-3
https://doi.org/10.1042/CS20110663
https://doi.org/10.2165/00151829-200605010-00004
https://doi.org/10.3390/nu9070671
https://www.ncbi.nlm.nih.gov/pubmed/28657578
https://doi.org/10.1159/000485089
https://www.ncbi.nlm.nih.gov/pubmed/29145191
https://doi.org/10.1006/abio.1996.0292
https://www.ncbi.nlm.nih.gov/pubmed/8660627
https://doi.org/10.1016/j.nano.2019.102117
https://www.ncbi.nlm.nih.gov/pubmed/31676375
https://www.ncbi.nlm.nih.gov/pubmed/8698541
https://doi.org/10.1371/journal.pone.0114078
https://www.ncbi.nlm.nih.gov/pubmed/25423021
https://doi.org/10.3121/cmr.4.1.53
https://www.ncbi.nlm.nih.gov/pubmed/16595793
https://doi.org/10.1016/S0014-5793(97)00922-8
https://doi.org/10.1080/10715760801998638
https://doi.org/10.1016/B978-1-78242-089-7.00006-3
https://doi.org/10.1007/s11010-014-2101-8
https://www.ncbi.nlm.nih.gov/pubmed/24898782
https://doi.org/10.1016/j.jacc.2014.04.024
https://www.ncbi.nlm.nih.gov/pubmed/24998138
https://doi.org/10.1371/journal.pone.0127142
https://www.ncbi.nlm.nih.gov/pubmed/25996998
https://www.ncbi.nlm.nih.gov/pubmed/27054118
https://doi.org/10.1016/j.ejrad.2019.05.020
https://www.ncbi.nlm.nih.gov/pubmed/31307655
https://doi.org/10.1097/HP.0000000000001267
https://doi.org/10.1016/j.mrfmmm.2011.12.001

J. Clin. Med. 2024, 13, 3866 13 of 13

57.

58.

59.

60.

61.

62.

63.

64.

65.

Konopacka, M.; Palyvoda, O.; Rzeszowska-Wolny, J. Inhibitory Effect of Ascorbic Acid Post-Treatment on Radiation-Induced
Chromosomal Damage in Human Lymphocytes in Vitro. Teratog. Carcinog. Mutagen. 2002, 22, 443-450. [CrossRef]

Chan, A.W.,; Tetzlaff, ] M.; Altman, D.G.; Laupacis, A.; Getzsche, P.C.; KrleZa-Jeri¢, K.; Hrébjartsson, A.; Mann, H.; Dickersin,
K.; Berlin, J.A.; et al. SPIRIT 2013 Statement: Defining Standard Protocol Items for Clinical Trials. Ann. Intern. Med. 2013, 158,
200-207. [CrossRef]

Muslimovic, A.; Ismail, I.H.; Gao, Y.; Hammarsten, O. An Optimized Method for Measurement of Gamma-H2AX in Blood
Mononuclear and Cultured Cells. Nat. Protoc. 2008, 3, 1187-1193. [CrossRef]

Food and Drug Administration. Adaptive Design Clinical Trials for Drugs and Biologics Guidance for Industry; Food and Drug
Administration: White Oak, MD, USA, 2019.

Preacher, K; Hayes, A. SPSS and SAS Procedures for Estimating Indirect Effects in Simple Mediation Models. Behav. Res. Methods
Instrum. Comput. 2004, 36, 717-731. [CrossRef] [PubMed]

Hayes, A. Beyond Baron and Kenny: Statistical Mediation Analysis in the New Millennium. Commun. Monogr. 2009, 76, 408—-420.
[CrossRef]

Rehani, M.M. What Makes and Keeps Radiation Risks Associated with CT a Hot Topic? Am. J. Roentgenol. 2015, 204, W234-W235.
[CrossRef] [PubMed]

Kachelrief3, M.; Rehani, M.M. Is It Possible to Kill the Radiation Risk Issue in Computed Tomography? Phys. Med. 2020, 71,
176-177. [CrossRef]

Rehani, M.M.; Yang, K.; Melick, E.R.; Helil, J.; Salat, D.; Sensakovic, W.E,; Liu, B. Patients Undergoing Recurrent CT Scans:
Assessing the Magnitude. Eur. Radiol. 2020, 30, 1828-1836. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/tcm.10040
https://doi.org/10.7326/0003-4819-158-3-201302050-00583
https://doi.org/10.1038/nprot.2008.93
https://doi.org/10.3758/BF03206553
https://www.ncbi.nlm.nih.gov/pubmed/15641418
https://doi.org/10.1080/03637750903310360
https://doi.org/10.2214/AJR.14.12860
https://www.ncbi.nlm.nih.gov/pubmed/25714306
https://doi.org/10.1016/j.ejmp.2020.02.017
https://doi.org/10.1007/s00330-019-06523-y

	Introduction 
	Ionizing Radiation in Medical Imaging: Computed Tomography and Patient Dose 
	Ionizing Radiation and DNA Damage: Indirect Mechanism through Oxidative Stress 
	Antioxidant Defense System: Exogenous Antioxidants against IR-Induced Oxidative Stress 

	Materials and Methods 
	Study Design 
	Study Population and Recruitment 
	Study Protocols 
	Data Collection 
	Data Storage 
	Statistical Analysis 

	Discussion 
	References

