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Abstract

Objectives To explore whether a computed tomography (CT) examination of the head and neck region induces biological
damage and whether the damage was correlated with the radiation dose.

Materials and methods Peripheral blood was taken from 33 individuals who received head and neck CT examinations. Blood
samples were divided into three groups: the control group and the in vivo and in vitro irradiation groups. The number of DNA
double-strand breaks was estimated by comparing the changes in the rates of y-H2AX foci formation in the peripheral blood
before and after CT examination. The absorbed dose and effective dose were calculated with the software VirtualDose based on
the Monte Carlo method, and the absorbed doses in blood were estimated accordingly.

Results The y-H2AX foci rates were increased in the in vivo (p < 0.001) and in vitro irradiation groups (p < 0.001) after CT
examination when compared with those in the control group. The rate of y-H2AX foci formation showed linear dose—responses
for the CT dose index volume (CTDI,,;), dose—length product (DLP), and blood dose after CT examination.

Conclusions A CT examination of the head and neck region provides a high enough radiation dose to induce DNA double-strand
breaks in cells in the peripheral blood. There was a linear correlation between the formation of DNA double-strand breaks and
radiation doses after CT examination.

Clinical relevance In addition to ensuring image quality, in a real clinical situation, the scanning area should be strictly admin-
istered, and repeated operations should be avoided to minimise the patient’s radiation dose.
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Introduction

It is well-known that acute and delayed effects on human
beings can be induced by high-dose radiation, while the
amount of damage caused by low doses, which were defined
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as those of 100 mGy or less by the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR)
in a 2017 report [1], is controversial. According to the linear
no-threshold (LNT) model that evolved at the end of the
1950s, every exposure to ionising radiation, no matter how
low, constitutes an increased cancer risk [2].

A CT examination is necessary and is commonly used for
diagnoses, treatment planning, and prognosis evaluations.
With the increased application of CT examination in the head
and neck region, potential biological damage has become a
public focus, since studies have demonstrated that diagnostic
X-rays, including CT scans, may increase cancer risk [3—6].

DNA damage caused by radiation includes DNA double-
strand breaks (DSBs), DNA single-strand breaks (SSBs), sugar
moiety damage, and base modifications [7]. DSBs are more dif-
ficult to repair than other types of DNA damage. SSBs are more
easily repaired because only one strand is broken and the other is
preserved and could serve as a “template” to repair SSBs [8]. The
main methods of the DSB repair pathway include non-
homologous end joining (NHEJ) and homologous
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recombination (HR). The NHEJ repair pathway is error-prone
because two broken ends of DNA are simply pieced together
[9, 10]. If DSBs are not repaired or are repaired incorrectly, it
may lead to loss, insertion mutations, and translocations of chro-
mosomes or apoptosis [11, 12]. Inherited defects in DSB repair
are implicated in a variety of human pathologies, including in-
creased cancer susceptibility, neurological defects, and/or immu-
nodeficiencies [13]. Therefore, accurately quantifying the
amounts of DNA damage, especially DSBs, which are induced
by ionising radiation is important to estimate the effects of med-
ical radiation exposure. When DSBs are generated, histone sub-
type H2A isoform X (H2AX) becomes rapidly phosphorylated
at serine 139. The phosphorylated histone subtype H2A isoform
X (y-H2AX) foci that were measured 5 min after in vitro expo-
sure of the blood samples to X-rays increased linearly with the
radiation dose. The numbers of foci decreased 5-30 min after
irradiation in both the in vivo and in vitro groups, indicating
ongoing DSB repair. For all conditions, approximately half of
the induced foci were resolved within 30 min after irradiation
[14]. Due to the rapid induction and the 1:1 correspondence
between the number of y-H2AX foci and the number of DSBs
[15], y-H2AX-recognising antibodies have become a gold stan-
dard to detect the presence of DSBs [16].

Above all, the determination of how to measure radiation
dose is a key point to verify the validity of the LNT model.
Several parameters can be used to estimate radiation dose. The
CT dose index (CTDI) and the dose—length product (DLP) are
widely used as the physical exposure parameters of a CT
examination. However, both the CTDI, ; and DLP are indexes
of the radiation output of the CT system, and neither of them
directly corresponds with the radiation dose that is delivered to
the patient [17]. A practical method for the accurate estimation
of the absorbed dose of organs and consequently the effective
dose (ED) is the Monte Carlo (MC) method [18-20].

Therefore, the purposes of the present study were:

1) To monitor whether CT examination in the head and neck
region induces DNA double-strand breaks
2) To assess the absorbed radiation doses in the blood

3) To investigate whether the DNA double-strand breaks
have a relationship with the estimated radiation dose

Materials and methods
Subjects

A total of 33 patients were included. The inclusion criteria
were:

1) No habits of smoking and/or drinking
2) No exposure to X-rays in the past three months
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3) No recent infection

4) No major systemic diseases, no history of diseases from
blood, no surgical history, and no history of systemic
medication

5) No history of cancer or radiation therapy

A patient was excluded when one of the above inclusion
criteria was not met.

Prior to the CT examination, individual patient information
such as age, gender, height and weight, medical history, radio-
graphs exposed, and the exposure parameters were recorded.
An informed consent form was signed by the participants or
their guardians.

CT examination and blood sample collection

A head and neck CT examination was performed with a 16-slice
helical CT scanner (Optima CT 520, GE Healthcare, Waukesha,
WI). Prior to the CT examinations, the accuracy and repeatability
of the CTDI of the machine were verified. During the CT exam-
inations, a tube voltage of 120 kVp was employed, and the tube
current was automatically adjusted according to the patient’s
condition, giving a range of 80 to 300 mA. The other imaging
parameters were as follows: rotation time of 0.8 s, table feed per
rotation of 18.75 mm, detector width of 1.25 mm, scan field of
view of 25 c¢cm, and matrix of 512 mm. The collimation (beam
width) of the CT scan was 20 mm according to the manufac-
turer’s setting, and the pitch was 0.938. The scanning lengths
were 14.13-20.37 cm.

Before the CT examination, 10-ml peripheral blood were
taken from the elbow vein from each of the patients, and of
this, 5 ml was used for the control and 5 ml was used for the
in vitro irradiation. After 5 min of the examination, a further
5 ml of blood was taken from the same patient, which was
included in the in vivo irradiation group. For in vitro irradia-
tion, the blood was placed next to the patient’s head when the
patient was exposed to a CT examination. To ensure that the
three-dimensional space distances between the blood collec-
tion tube and the X-ray tube were consistent, the blood col-
lection tube was put close to the left inner wall of the head
positioning device and the long axis of the tube parallel to the
Z-axis, making the midpoint through the X-axis of the posi-
tioning line.

Lymphocyte separation and y-H2AX immunofluores-
cence analysis

Peripheral blood lymphocyte separation was performed accord-
ing to the manufacturer’s instructions (TDB, Tianjin, China).
Two-milliliter fresh heparin anticoagulants were gently overlaid
onto 6 ml lymphocyte separation medium. After centrifugation at
400¢g for 20 min, the solution was divided into four layers. The
first layer was the plasma. The second layer was the
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lymphocytes. The third layer was the lymphocyte separation
medium, and the fourth layer was the red blood cells. The second
layer of cells was collected and thoroughly mixed in a tube
containing 4-5 ml of normal saline for injection. The supernatant
was removed after centrifugation at 400g for 20 min. The lym-
phocytes were obtained by two repeated washes.

The separated lymphocytes were fixed in 4% paraformal-
dehyde (10 min) and permeabilised by 0.1% Triton X-100 (15
min). The samples were incubated with a primary mouse
monoclonal anti-H2AX antibody (1:250) (Merck Millipore,
Darmstadt, Germany) overnight at 4 °C. After washing in
PBS, the lymphocytes were incubated with an Alexa Fluor
488—conjugated goat anti-mouse secondary antibody
(1:1000) (Abcam, UK) for 1 h at room temperature.
Peripheral blood lymphocytes were again washed and
mounted with cover slips using mounting medium with 4,6~
diamidino-2-phenylindole (DAPI).

y-H2AX foci analysis

The images were taken under a fluorescence microscope at X
400 magnification. We randomly selected at least three visual
fields in each of the slices in which the nuclei should be well-
dispersed without overlap. In addition, there is no background
pollution and no specific fluorescence staining. The total num-
ber of cells in the selected visual field of each slice is not less
than 100. The nuclei stained by DAPI and the FITC-labelled
v-H2AX foci were photographed.

ImageJ 1.52a (National Institutes of Health, Rockville,
MD) was applied for the nuclear detection, quantitative anal-
ysis, and identification and number calculation of foci in the
nuclei. According to the threshold from the object size and
object contrast, the foci signal was extracted from the noise.
Detailed information was described in the custom macro pro-
gram for ImagelJ, which is available as Online Resource 1.
Three foci with high threshold values were selected, and the
average of the threshold values was taken. All images were
manually adjusted in this manner to provide an appropriate
detection of y-H2AX foci.

To verify the repeatability, another observer randomly se-
lected ten samples for threshold determination. The y-H2AX
foci rates were calculated by ImageJ and compared with the
results of the first observer.

Dose calculation

CTDI,,; and DLP were outputted from the CT system. The
absorbed dose and ED were calculated by VirtualDose
(Virtual Phantoms Inc., Albany, USA), which is a web-based
CT organ dose and ED calculator that incorporated 25 “virtual
patient” phantoms covering paediatric patients, pregnant pa-
tients, normal size adult patients, and overweight adult pa-
tients [20]. We chose the most suitable virtual phantoms based

on the patient’s age, height, and weight. For each patient,
anatomical landmarks at the beginning and end of the scan
region were used to define the exposed area in the anthropo-
morphic phantom in VirtualDose. Due to the differences in
scan region and the individual differences of the patients, the
average mAs per rotation of the scan were not the same. The
ED was calculated using tissue weighting factors from the
publication ICRP No. 103 that employed a gender-average
methodology [21]. The absorbed doses in blood were estimat-
ed according to the proposal from Rothkamm et al. [14].
Organ-specific blood volumes were adopted from previously
reported reference data [22]. Sex-specific blood volumes and
radiation dose calculations were averaged. To obtain the total
blood dose, organ-specific doses were weighted accord-
ing to the blood content in each organ and then
summed. The estimated blood dose by organ-specific
blood volumes is shown in Table 1.

Statistical analysis

The software package SPSS v16.0 for Windows (SPSS,
Chicago, IL, USA) was employed for the statistical analysis.
Differences between the frequencies of y-H2AX foci before
and after CT examinations were analysed by Wilcoxon’s
signed-rank test. Differences between the frequencies of -
H2AX foci that were obtained by the two observers were
analysed by the Wilcoxon signed-rank test. The Friedman
signed-rank test was used to analyse the differences among
the three sets of sample groups. For the analysis of
correlation among different dose levels and foci rates,
Spearman’s rank correlation was employed. p value <
0.05 was considered significant.

Results
Patients

The study patients consisted of 22 males and 11 females. The
age of the patients (means + SD) was 45.79 + 12.31 years. The
scope of the CT scan ranged from the forehead to the thyroid
(4 cases), from the supraorbital ridge to the thyroid (24 cases),
from the supraorbital ridge to the clavicle (3 cases), and from
the nasion to the thyroid (2 cases).

DLP, CTDI,,,, ED, and organ dose

The ranges of CTDI,,, DLP, ED, and absorbed dose in
blood are shown in Table 2. The expected radiation
dose in blood calculated with phantom dosimetry ranged
from 0.24 to 0.52 mGy.
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Table 1 Estimated radiation

doses in blood calculated with Organ Blood v Radiation Blood-weighted
phantom dosimetry olume (100%)* dose (mGy) dose (mGy)

Adrenal glands 0.1 0.06 0.0001
Bladder 0 0.08 0

Brain 12 2.1 0.0252
Gonads 0 0.01 0

Heart 16 0.66 0.1056
Kidneys 2 0.04 0.0008
Liver 10 0.08 0.0080
Lung 12.5 0.78 0.0975
Muscle 12.25 0.37 0.0453
Oesophagus 0.1 1.79 0.0018
Pancreas 0.6 0.11 0.0007
Skin 3 0.44 0.0132
Small intestine 3.8 0.01 0.0004
Spleen 1.4 0.1 0.0014
Stomach 0.9 0.11 0.0010
Thyroid 0.1 4.58 0.0046
Skeleton 7 0.83 0.0581
Lymph nodes 0.2 0.39 0.0008
Fat 6.75 0 0

Large intestine 22 0.01 0.0002
Large veins 18 0 0

All other tissues 1.9 1.63 0.0310
All organs 100 0.3956

*Contribution of blood in given organ to total blood volume

Changes of y-H2AX foci

Example images of the observed y-H2AX foci are shown in
Fig. 1. The total number of cells and the foci rate observed in
each group of samples are shown in Table 3. The results
showed statistically significant differences in cell foci rates
among the three groups (p < 0.001). The foci rates in the
in vivo irradiation group (p < 0.001) and the in vitro irradiation
group (p < 0.001) were significantly increased when com-
pared with those in the control group. In addition, the foci rate
in the in vitro group was higher than that in the in vivo group

Table 2  Descriptive data for DLP, CTDI,,;, ED, and absorbed dose in
blood from the 33 subjects

Minimum  Maximum  Mean Std. deviation
DLP (mGy:cm)  446.25 905.08 656.83  119.89
CTDI,, (mGy)  25.26 44.21 33.95 4.72
ED (mSv) 0.39 0.80 0.60 0.11
Blood (mGy) 0.24 0.52 0.38 0.08

CT, computed tomography; DLP, dose-length product; CTDI,,,;, comput-
ed tomography dose index (volume); ED, effective dose
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(p < 0.001). There was no significant difference between the
v-H2AX foci rates obtained by the two observers (p = 0.314).

Dose-response correlation analysis

The rate of y-H2AX foci in the in vivo irradiation group
showed a linear dose-response with the blood dose (p <
0.001, p = 0.684). Additionally, the rate of y-H2AX foci in
the in vitro irradiation group showed a linear dose-response
with the CTDl,, (p < 0.001, p=0.840) and DLP (» < 0.001, p
=0.771). The results are shown in Fig. 2.

Discussion

Diagnostic reference values are widely applied in many coun-
tries. According to the literature, for adult head CT examina-
tions, the CTDI,,, values are from 49 to 70 mGy, and
DLP values are from 733 to 1312 mGy-cm [23-25].
The CTDI,, (25.26-44.21 mGy) and DLP (446.25—
905.08 mGy-cm) values presented in the current study
were just within the range.
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Fig. 1 Examples of images of the observed y-H2AX foci in the periph-
eral blood lymphocyte nuclei in the control (a), in vivo (b), and in vitro (c)
groups

In the present study, y-H2AX foci were increased in both
in vivo and in vitro blood samples after CT examination, and
the increase in y-H2AX foci has a linear relationship with the
radiation dose. Similar results were found in other studies

Table 3  Sample size, observed cells, detection number of aberration,
and the mean rate of detected aberration of the y-H2AX assay

Control In vivo In vitro
Cells observed 15258 14143 16028
Aberration detection number 2602 5281 8454
Mean rate of detected aberration 0.171 0.373 0.527

~v-H2AX, phosphorylated histone subtype H2A isoform X

[26-28]. In the study by Fukumoto et al., the y-H2AX foci
were significantly correlated with CTDI, DLP, and size-
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Fig.2 Linear relationship between the y-H2AX foci rate and blood doses
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specific dose estimate [26]. In the study by Lobrich et al., the
linear relationship between y-H2AX foci number and DLP
further suggests that the thorax/abdomen exposures produce
similar numbers of foci for the same delivered doses. A CT of
the head, by contrast, induces significantly fewer foci [28].
However, a big difference of the present study with others
for the head and neck CT examinations is that the radiation
dose in the blood was calculated and used for analysis in the
in vivo conditions.

We checked the literature and only found two studies
using blood dose for the analysis of dose-response. In
the study by Vandevoorde et al. [29], the blood doses of
51 paediatric patients who received abdomen or chest
CT examinations were estimated and used for the anal-
ysis of relationship between radiation doses and induced
v-H2AX foci. The estimated blood doses were 0.14—
2.84 mGy for the chest and 0.66—8.85 for the abdomen
CT scans. The results indicate that the induced y-H2AX
foci initially show a sharp increase within the doses of
2 mGy and then appear a bit flat. Similarly, in the study
by Beels et al. [30], a biphasic trend line was drawn
that the radiation-induced y-H2AX foci have a steep
linear increase up to 10 mGy followed by a more flat
increase at higher doses. The estimated blood doses
were 0.24-0.52 mGy in the present study and just fell
in the linear response range of the studies.

CTDI,; and DLP are good measurements for doses during
CT examinations. However, without consideration of patient
size and the real heterogeneous attenuation of individuals,
they are only representations of the dose outside the patient
rather than a real dose to patient. This is why we only use
CTDI,, and DLP for the correlation analyses among doses
and the y-H2AX foci rate in the in vitro groups. According to
the review of patient doses from CT examinations in the UK
for 2003, the mean CTDI, and DLP of routine head scans
were slightly higher than those of chest CT and abdomen CT,
but with respect to mean ED, the routine head CT was lower.
This might explain why the thorax and abdomen CT exami-
nation produced more y-H2AX foci than the skull CT exam-
ination at the same dose of DLP [28].

VirtualDose is the first online absorbed dose and ED cal-
culator that incorporates anatomically realistic phantoms for
patients of various ages, gender, pregnancy stages, or body
sizes [20]. To obtain a more accurate organ dose in the
in vivo condition, we recorded the scanned upper and lower
borders of a patient since doses to the organs are sensitive to
changes of scan range by centimetres or even by millimetres.
For example, a 3-cm extension can increase the dose to the
salivary glands by more than 2 times [31].

The results of the present study showed that the y-H2AX
foci rate in the in vitro group was higher than that in the
in vivo irradiation group. This is logical, since all of the blood
in the in vitro irradiation group were exposed to the full level

@ Springer

of radiation from the CT examination, while the blood in the
in vivo group were exposed to only a part of the radiation in
the blood circulating through the whole body. Therefore, the
blood dose of the in vivo irradiation group was relatively less
than that of the in vitro irradiation group.

This study has some limitations. First, our experiment was
sampled from human peripheral blood. In the CT examination
of the head and neck region, the patient’s crystalline lens,
thyroid, and oral salivary glands are the most sensitive organs
to radiation. However, it is not possible to take samples from
these organs to observe the biological effects. Second, chang-
es in peripheral blood lymphocytes were monitored only
5 min after the CT examination. The repair ability and the
long-term effects of DSBs in the human body have not been
observed, so we do not know whether the biological effects
still exists after 0.5 h and 6 h or even after a longer period of
time. Studies have shown that the frequencies of y-H2AX foci
are related to decreases with time. In the in vitro study by Popp
et al. [32], the number of y-H2AX foci peaked at 5 min, then
decreased rapidly for 5 h and repaired slowly until 24 h after a
CT examination at absorbed doses of 3 mGy, 15 mGy, and 50
m@Gy. In the study by Kuefner et al. [33], a single irradiation
with 50 mGy led to a maximum of DSBs 15 min after expo-
sure, and approximately two-thirds of these DNA lesions dis-
appeared within 2.5 h in the in vivo and in vitro irradiation
groups. According to the results of the study by Rothkamm
et al. [14], half of the induced foci were resolved within
30 min in the in vivo and in vitro irradiation groups after
exposure. Therefore, we should consider how much time
should be allowed between different X-ray examinations to
allow for repair and to avoid the cumulative effect of radiation.
Third, even though we calculated the patient’s absorbed dose
through the VirtualDose program, it is still a calculation from
25 virtual phantoms and not real patients. The patient’s indi-
vidual condition cannot be completely and accurately
reflected. Fourth, the position of the in vitro sample next to
the patient head plays a key role in the radiation dose that has
been delivered to the sample. To minimise possible influence
from distances, the blood collection tube was fixed in such a
way that the three-dimensional space distance between the
centre of the blood tube and the X-ray tube was kept consis-
tent. Fifth, although there was no difference between the two
observers in the present study, the observed foci numbers var-
ied between laboratories, despite using a standard protocol
from the study by Moquet et al. [34]. The possible causes
for this are the small variations in the treatment of samples,
laboratory reagents from different suppliers, etc.

Based on the results of the present study, it can be
concluded that a CT examination of the head and neck
region can cause DNA double-strand breaks in the pe-
ripheral blood lymphocytes. There was a significant cor-
relation between the exposed doses and DNA double-
strand breaks.
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Implications for the clinic

A CT examination is necessary and is commonly used for diag-
noses, treatment planning, and prognosis evaluations in diseases
of the head and neck region. The study is helpful for clinicians
and patients to understand the potential biological damage of CT
examinations in the head and neck area. In addition to ensuring
image quality in a real clinical situation, the scanning area should
be strictly administered, and repeated operations should be
avoided to minimise the patient’s radiation dose.
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