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Robotic radiation shielding system
reduces radiation-induced DNA
damage in operators performing
electrophysiological procedures

Ziv Sevilya**?, Michael Rahkovich?, Yonatan Kogan?, Gergana Marincheva?, Michal Cipok?,
Vera Hershkovitz?, Erez Barenboim?®*, Eli Israel Lev® & Avishag Laish-Farkash'-3

Fluoroscopically guided electrophysiology (EP) procedures expose operators to low doses of ionizing
radiation, which can induce DNA double-strand breaks (DSBs) and raises increasing concerns regarding
potential health risks. A novel robotic radiation shielding system (RSS) was developed to provide
full-body protection by encapsulating the imaging beam and blocking scattered radiation. This study
aimed to compare the levels of blood lymphocytes expressing DSB markers, pATM and y-H2AX, in
operators performing EP-procedures with and without RSS. Radiation dose exposure was significantly
higher without RSS (p=0.0278). The level of cells expressing pATM and y-H2AX was linear correlated
with radiation exposure, with neither marker detected at doses below 13.4 pSv. Without RSS, the level
of pATM or y-H2AX positive cells increased significantly immediately after the procedure (8.6-fold,
p<0.0001 and 3.4-fold, p=0.0279, respectively). After 4 h, marker levels were moderately reduced,
and at 24 h, pATM returned to baseline and y-H2AX decreased to 1.9-fold over baseline (p=0.9739). In
contrast, with RSS, no significant elevation in pATM or y-H2AX positive cells was observed, suggesting
no significant DSB formation. In conclusion, the use of an effective full-body protection system during
fluoroscopically guided EP-procedures may help mitigate DSB formation and reduce the genotoxic
health risks for operators.
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Fluoroscopically guided electrophysiologic (EP) interventions, including ablations and the implantation of
cardiac implantable electronic devices (CIED), expose operators to repeated low-level ionizing radiation (IR),
which poses a significant health risk!. Studies suggest an association between fluoroscopically-guided EP
interventions and an increased risk of adverse health effects, such as cataracts and malignancies'”’. Additionally,
studies suggest potential association between long-term exposure of radiologists to low-dose IR and dysfunction
of the central nervous system, circulatory disease, cardiovascular disease, solid tumors and leukemia associated
in®”.

The low-dose range of IR is defined as cumulative radiation below 100 mGy, according to the classification
proposed by the United Nations Scientific Committee on the Effects of Atomic Radiation'!. Risk assessment due
to exposure to low-level IR is currently evaluated by extrapolation from the risks observed at high acute dose
exposures, such as data from atomic bomb survivors in Hiroshima and Nagasaki, and follow-up studies after
nuclear accidents, according to the Linear No Threshold (LNT) hypothesis'®!2. The LNT hypothesis assumes
that the cancer risk is directly proportional to the dose received, with no threshold, and forms the basis of
the radiological protection system. Other models suggest a possible existence of a dose threshold, while some
suggest that the relationships between the dose received and the risk effect is supra-linear, indicating that the
LNT model underestimate the risk in low doses of IR>.

IR induces DNA damage, which includes oxidative DNA/base damages, apurinic/apyrimidinic (AP) sites,
DNA single-strand breaks, and most notably, double-strand breaks (DSB). DSBs can result in the loss of large
chromosomal regions and require rapid repair. In dividing mammalian cells, there are an estimated ten DNA
DSBs per day per cell, arising from IR, reactive oxygen species, and DNA replication errors'4. DSB can produce
mutations, loss of heterozygosity, and chromosome rearrangements that can result in cell death or cancer'>®.
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DSBs induce an immediate response from the Mrell-Rad-50 Nbsl complex, which causes rapid
phosphorylation of Ataxia Telangiectasia Mutated (ATM) protein!”. The phosphorylated ATM (pATM) protein
leads to phosphorylation of downstream targets involved in cell cycle checkpoints and DNA repair signal
transduction processes. ATM induces phosphorylation of Histone H2AX at Serine 139 residue (YH2AX)!.
The YH2AX protein serves as a docking site for DNA damage and repair proteins to promote DSB repair's.
Expression of pATM and YH2AX proteins in circulating lymphocytes is a sensitive biomarker of radiation-
induced DSBs and acute response of DNA damage response and repair mechanisms!®?’. Measuring the level
of circulating lymphocytes expressing the pATM and y-H2AX biomarkers can serves as an indicator of the
biological response to IR exposure.

Circulating lymphocytes are sensitive to radiation, and their biological response can serve as a surrogate
biomarker for low-dose exposure to radiation?!?*. El-Sayed et al. (2017) detected an acute DNA damage
response in operators performing fluoroscopic-guided endovascular aortic repair procedures by quantifying
the percentage of pATM and YH2AX proteins expression in peripheral blood mononuclear cells (PBMCs)?*.
Moreover, an increased incidence of chromosomal aberrations has been reported in operators performing a
large volume of endovascular procedures®. To date, the DNA damage response in operators performing EP-
procedures has not been investigated.

Current radiation protection for interventional personnel includes advanced imaging systems, personal
protective clothing, ceiling-mounted shields, and table-skirts. Recently, we tested a novel robotic radiation
shielding device, the Radiaction Shielding System (RSS), which provides full-body protection to all medical
personnel during fluoroscopic-guided procedures by encapsulating the imaging beam and blocking scattered
radiation?>%. In a prospective study for both CIED and ablation procedures, the radiation exposure with RSS was
significantly lower than without RSS. For ablation procedures, there was an 87% (76-97% for the different sensors
in various locations in the EP laboratory) reduction in radiation compared to standard radiation protection. For
CIED implantations, there was an 83% reduction in radiation (59-92% for the different sensors)®’.

In the present study, we aimed to investigate the biological effects of the novel robotic radiation shielding
system in fluoroscopically-guided EP interventions by measuring the percentage of pATM and yH2AX positive
cells in circulating lymphocytes after the procedures with and without RSS. We also evaluated individual
operators’ responses to radiation and the kinetics of pATM and yYH2AX proteins with and without RSS. Evidence
from studies involving human populations exposed to IR is particularly valuable, as it eliminates the need to
extrapolate findings from molecular, cellular, tissue, or animal models to humans.

Results

Induction of pATM and yH2AX in lymphocytes following EP procedures with or without RSS
Overall, twenty experiments were performed with four operators. Ten of them were conducted without RSS
protection, and the other ten with RSS. The EP procedures are described in Table 1. The procedures type and
specific projection angles were similar with and without RSS protection (Table 1). The median fluoroscopy time
without RSS was 1410 (IQR 1120-1963) seconds and with RSS was 1711 (IQR 997-2344) seconds (p=0.6842)
(Fig. 1a).

DAP, Sensor read,
Operator | Operation type RSS | Procedure time, hr: min | Fluoroscopy Time, seconds | GyM? uSv Most common angle.
A PVI Cryo - 1:00 1457 0.002374 | 54.8 LAO
A SVT - 2:24 2220 0.000025 | 90.2 AP/LAO
A ICD+ICD - 2:26 955 0.001010 | 51.5 AP
A PVI Helius Carto + 1:53 2176 0.008469 | 1.6 LAO
A Redo PVI Carto + 2:57 1763 0.009567 | 55.5 LAO
A CRTD + 2:30 1658 0.004051 | 13.4 AP/LAO
B PVI Helius Carto - 1:40 1363 0.002433 | 16.6 LAO
B Ablation VT Carto - 1:37 2010 0.006563 | 29.3 AP/LAO
B PVI Helius Carto - 2:15 1822 0.005915 | 50.5 LAO
B ICD + 0:49 217 0.000673 | 6.1 AP
B PVI Cryo +CTI + 2:05 2400 0.003015 | 1.7 LAO/LAO
B PVICryo + 2:31 3550 0.013515 | 15 LAO
C PVI Cryo +ICD + PPM - 2:28 1250 0.002983 | 35.2 LAO/AP/AP
C PVI - 1:32 512 0.001565 | 58.9 LAO
C Cryo+EPS+PPM+PPM | - 3:38 2477 0.004254 | 185.1 LAO/AP/AP/AP
C CRTD +PPM + PPM + 4:23 780 0.000399 | 50.6 AP/LAO/AP
C PVI Cryo+RT CRTD + 3:43 4153 0.015694 | 12.6 LAO/AP/LAO
C ICD +EPS + 2:21 1649 0.003818 | 9.5 AP/AP
D CRTD - 1:25 2477 0.002347 | 126.8 AP/LAO
D ICD + 1:25 239 0.000211 | 26.1 AP

Table 1. Procedures characteristics.
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The median Dose Area Product (DAP) for procedures without RSS was 0.0027 Gy/m? (IQR 0.0023-0.0055)
compared to 0.0045 Gy/m? (IQR 0.0007-0.0096) for procedures with RSS (p=0.4561) (Fig. 1b). The median
reading from personal dosimeters placed over the operator’s chest lead apron during procedures without
RSS was significantly higher than with RSS [median 53.2 pSv (IQR 39.1-82.4) and 15.0 uSv (IQR 6.1-50.6),
respectively] (p=0.0278) (Fig. 1c). There was an 85% reduction (IQR 55 —89%) in the radiation normalized by
DAP for operations with RSS compared to operations without RSS [median 37,693 uSv/(Gy/m? (IQR 7,252~
87,750) and 5,801 pSv/(Gy/m? (IQR 803-39,059)), respectively], although the median DAP and irradiation time
were comparable (Fig. 1d). No correlation was observed between the radiation dose measured in the operator’s
personal dosimeters and the DAP (Fig. 1e).

Flow cytometry analysis was performed on whole blood samples to quantify the levels of circulating CD3*
lymphocytes expressing the DNA damage markers pATM and y-H2AX before, immediately-after, 4 h after, and
24 h after EP procedures with or without RSS. The whole blood samples were lysed, fixed, permeabilized and
incubated with antibodies against pATM and yH2AX proteins. The lymphocytes were gated according to the
expression of CD3 receptor, and pATM and YH2AX positive CD3 cells were quantified (Fig. 2).

The level of positive cells for either pATM or YH2AX immediately post-procedure shows a linear correlation
with the radiation exposure readings obtained from the personal dosimeters placed over the operator’s chest
lead apron (R?>=0.6718 (p<0.0001) and R?>=0.4808 (p<0.0007), respectively) (Fig. 3a and b). No correlation
was observed between the level of pATM or YH2AX positive cells and the DAP measurements (Fig. 3¢ and
d). Importantly, at radiation dose above 59uSv, a high response of both pATM and yH2AX were observed (4
samples). At doses below 13.4 pSv, there was no significant increase in the proportion of pATM- or yH2AX-
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Fig. 1. Radiation exposure during electrophisiological procedures with or without RSS. A. Fluoroscopy time.
B. Dose area product (DAP). C. Operators’ chest sensor radiation dose. D. Radiation DAP. E. Correlation
between operators’ sensor radiation and DAP. Procedures were performed with (n=10) or without (n=10) RSS.
Box and Whisker plot indicating the minimum, lower quartile, median, upper quartile and maximum. *p
<0.05.
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Fig. 2. Flow cytometry analysis of the percentage of pATM and yH2AX positive lymphocytes. Whole blood
samples from operators were lysed, fixed, permeabilized, and stained with anti-CD3, pATM and yH2AX
antibodies. A. Representative pseudo-color plot for lymphocyte gating according to forward and side scatter
profile and expression of CD3. (B) Representative flow cytometric dot plots for pATM expression in CD3*

cells obtained from the operator pre-procedure, immediately after procedure, 4 h post, and 24 h following EP
procedure. (C) Representative flow cytometric dot plots for yH2AX expression in CD3* cells obtained from the
operator pre-procedure, immediately after the EP procedure, 4 h post, and 24 h following the procedure.

positive cells relative to baseline levels (6 samples). Between 15 and 55.5uSv, 50% of the samples demonstrated
level of cells positive for pATM and yH2AX above the baseline (5 out of 10 samples) (Fig. 3a and b).

Without RSS protection, the median percent of CD3 T cells expressing pATM increased from 0.8% (IQR 0.7-
2.0) before the procedure to 6.9% (IQR 2.4-9.9) immediately after the procedure (8.6-fold increase, p <0.0001,
Fig. 4a; Table 2). CD3 T cells expressing yH2AX increased from 0.9% (IQR 0.6 —1.2) before the procedure
to 3.1% (IQR 2.1-3.5) immediately after the procedure (3.4-fold increase, p=0.0279, Fig. 4b; Table 2). Four
hours after the procedures, 5.0% (IQR1.5-7.1) of CD3 T cells expressed pATM and 2.9% (IQR2.2-4.7) express
YH2AX (6.3-fold increase, p=0.1735, and 3.2-fold increase, p=0.046, respectively). Twenty-four hours after the
procedure, the fraction of pATM- expressing cells was reduced 4-fold from the measurement immediately post-
procedure to 1.7% (IQR 0.8-2.7) (p=0.0003), which is comparable to the baseline (p=0.9359). The fraction of
YH2AX-expressing cells was reduced by 1.8-fold from the measurement immediately post-procedure to 1.7%
(IQR 0.7-2.3) (p=0.0551), which is 1.9-fold above the baseline (p =0.9739).

The median percent of CD3 T cells expressing pATM or YH2AX before the procedures with RSS protection
(the RSS baseline) were 0.4% (IQR 0.2-0.5) and 0.5% (IQR 0.3-0.8), respectively (Fig. 4a and b; Table 2).
Immediately after the procedures with RSS protection, the cell fraction expressing pATM or YH2AX were 0.2%
(IQR 0.1-0.3) and 0.2% (IQR 0.1-0.2), respectively, which are comparable to the baseline pATM and yH2AX
expression level (p=0.3822 and 0.1092, respectively). The median expression of pATM and YH2AX 4 h after
the procedure were 0.5% (IQR 0.2-1.8) and 0.3% (IQR 0.2-0.7), respectively. The fold change from the baseline
for pATM 4 h after the procedures is 1.2 (IQR 0.9-4.2) with p=0.9860, and for yH2AX the fold change is 0.6
(SQR 0.5-0.9) with p=0.5541. The median percentage for pATM-expressing cells 24 h following the procedures
was 0.4% (IQR 0.3-0.6), which is 1.1-fold (IQR 0.9-1.4) over the baseline (p=0.3150). The median percentage
for yH2AX-expressing cells 24 h following the procedures was 0.7% (IQR 0.4-0.9), which is 1.4-fold (IQR 1.1-
1.2) over the baseline (p=0.9319). The relatively high interquartile range observed is due to the low pATM
and yH2AX expression. Overall, the expression levels of pATM and yH2AX were not significantly increased
following the procedures performed with the presence of RSS protection.

As an assay positive control, we measured the percentage of pATM and yH2AX positive cells in blood samples
obtained from operators immediately before each procedure and directly exposed to the radiation during the
procedure. The median radiation dose for the positive control per procedure was 130.5 uSv (IQR 44.6-311.2).
The positive control median fraction of pATM- expressing cells was 5.6% (IQR 2.1-6.3,) and for yH2AX, median
fraction was 5.6% (IQR 3.0-9.2).
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Fig. 3. Correlation between radiation dose and the percentage of pATM and yH2AX positive lymphocytes.
Blood samples were obtained immediately post-procedure with or without RSS (1 =20) and the percentage of
PATM or yH2AX positive cells was tested. (A) Percent of positive pATM cells as a function of the radiation
dose. (B) Percent of positive yH2AX cells as a function of the radiation dose. (C) Percent of positive pATM
cells as a function of DAP. (D) Percent of positive YH2AX cells as a function of DAP.
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Fig. 4. Operators percentage of pATM and YH2AX positive lymphocytes with or without RSS protection.
Blood samples were collected before (pre), immediately-after (post), 4 h after, and 24 h after EP procedures.
Three operators were re-tested on three separate days, and one operator was tested once (1 =10), with or
without RSS, as indicated. The percent of pATM and YH2AX positive cells was measured using flow cytometry.
(A) Percentage of pATM positive cells with or without RSS protection. (B) Percentage of YH2AX positive

cells with or without RSS protection. Box limits (bold lines) indicate the medians, and the interquartile range
is indicated by whisker extending from the bold lines. * p<0.05, ** p<0.01, ***p<0.001, ***p <0.0001, ns
p>0.05.
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10

PATM, %

post 4h 24h
RSS | Marker | Fold change | Pvalue | Fold change | P value | Fold change | P value
pATM | 8.6 0.0001 | 6.3 0.1735 | 2.1 0.9359
YH2AX | 3.4 0.0279 |32 0.046 1.9 0.9739
+ pATM | 0.5 0.3822 | 1.2 0.9860 | 1.1 0.3150
+ YH2AX | 0.4 0.1092 | 0.6 0.5541 | 1.4 0.9319

Table 2. Fold change of percentage of pATM- and yH2AX-positive lymphocytes.
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Fig. 5. Operators percentage of pATM and YH2AX positive lymphocytes in each operator. The operators
were re-tested on three separate days without RSS. (A) The mean fraction of pATM or YH2AX positive cells
pre-, post-, 4 h, and 24-hours following procedures performed by operator A. (B) The mean fraction of pATM
or YH2AX positive cells pre-, post-, 4 h, and 24 h following procedures performed by operator B. (C) The
mean fraction of pATM or yH2AX positive cells pre-, post-, 4 h, and 24 h following procedures performed by
operator C. The mean and standard deviation are indicated.

Variability of pATM and yH2AX expression among operators

Figure 5 demonstrates the mean percent of positive pATM and yH2AX cells of CD3 T cells obtained from each
operator before, immediately after, 4 h after, and 24 h after the procedures (Supplement Table S2). Operators A
and C show an increase pATM and YH2AX positive cells immediately after the procedures, which moderately
decreases 4 h after and further decreases 24 h following the procedures. Operator B shows moderate increase
in pATM and yH2AX expression immediately after the procedures and a significant increase 4 h following
the procedures. The expression of pATM and yH2AX reduces 24 h following the procedures in all operators.
Nevertheless, 24 h after the procedures, operators B and C exhibit pATM and yH2AX expression levels that are
above the baseline, whereas operator A shows baseline pATM expression and low, yet above-baseline, levels of
YH2AX expression.

The inherent variability of pATM and yH2AX expression between operators was evaluated (Fig. 6). Samples
obtained from the four operators were irradiated in vitro at 50.5 uSv (fluoroscopy time 1822 s during 2:15 h
procedure) simultaneously. The DAP was 0.0059 Gy*m? and the radiation normalized by DAP (radiation
DAP) was 8,538 uSv/Gy*m?. High variability of pATM and YH2AX expression between operators was observed
(p<0.0001). The fraction of cells expressing pATM was increased significantly from 0.5+0.1%, 1.8+0.1% and
2.3+0.4% to 18.9£2.0%, 12.5+2.1% and 12.8+1.8% in operators A, C and D, respectively (Fig. 6). Operator
B did not demonstrate increase in pATM following irradiation (0.3+0.1% and 0.4+0.2%, without and with
irradiation, respectively). The fraction of cells expressing YH2AX increased significantly from 1.9£0.1% and
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Fig. 6. Variation in the percentage of pATM- and yH2AX-positive lymphocytes following in-vitro irradiation.
Two peripheral blood samples (3 ml each) were collected from four operators (A to D). One tube of each
operator was irradiated in vitro at 50.5 uSv (fluoroscopy time 1822 s during 2:15 h procedure) simultaneously
(RAD), and one tube of each operator was placed at room temperature without radiation during that time (No
RAD). The cells were fixed and permeabilized immediately following irradiation and stained with anti-pATM
and yH2AX antibodies. The percentage of pATM- and yH2AX-positive lymphocytes was analyzed by flow
cytometry. (A) Percentage of pATM-positive lymphocytes following incubation, irradiated (RAD) or not
irradiated (No RAD). (B) Percentage of YH2AX-positive lymphocytes following incubation, irradiated (RAD)
or not irradiated (No RAD). ****p<0.0001, ns p>0.05. The mean and standard deviations are indicated.

1.8£0.4% t0 6.1 +£1.0% and 10.3+1.5% in operators C and D, respectively (p <0.0001). Operator A demonstrated
a trend towards an increase from 0.5+0.1% to 1.8+0.2% (p=0.3095). Operator B did not demonstrate an
increase in YH2AX following irradiation (0.2 +0.1% and 0.3 +0.02%, without and with irradiation, respectively).

Discussion
Fluoroscopically guided EP-interventions expose operators to low-dose X-ray. X-rays can induce DNA damage,
such as base damage, oxidation damage, apurinic/apyrimidinic (AP) sites, DNA single-strand breaks, and
double-strand breaks (DSB)!*-17. DSBs are considered the most deleterious lesion, threating the stability of the
genome and resulting in mutations, loss of genomic information, chromosomal rearrangements, and cell death.
Non-homologous end joining (NHE]) and homologous recombination are the two main repair mechanisms for
DSB repair?. Alternative error-prone DSB repair pathways include alternative end joining (alt-EJ) and single-
strand annealing (SSA), which contribute to genome rearrangement and oncogenic transformation. Alt-EJ and
SSA take over under various conditions depending on the radiation dose, cell cycle phase, and local chromatin
environment?®-%. El-Sayed et al. (2017) demonstrated an acute DNA damage response immediately following
fluoroscopically guided endovascular aortic repair interventions, and Abdelhalim et al. (2022) showed a higher
incidence of chromosomal aberrations in operators performing a large volume of endovascular procedures?*2>.

The RSS device for fluoroscopic-guided procedures was tested recently during arrhythmia ablation and CIED
procedures, demonstrating a significant reduction in the operator’s exposure to radiation?®?’. In the current
study, there was an 85% (55-89%) reduction in radiation dose normalized by DAP with RSS. We aimed to
determine the effect of the reduced radiation on activation of the acute DNA damage response. Our results
indicate that without RSS, both pATM and yH2AX levels increased significantly immediately after EP procedures
and gradually decreased over the following 24 h, in line with previous publication performed on endovascular
aortic repair interventions?’. These results indicate that the standard radiation shielding equipment in EP-
procedures is insufficient, since the head, arms and feet are exposed to radiation that induce the acute DNA
damage response. In the current study, we showed that no pATM and YH2AX expression was detected above
baseline following fluoroscopically guided electrophysiologic interventions with the use of RSS protection,
suggesting that no acute DNA damage response was activated when using this protection system. We suggest
that the RSS protection system reduces radiation exposure to levels below the threshold required to induce
DSBs and trigger an acute DNA damage response. This hypothesis can be further investigated by expanding the
cohort of operators and including additional study sites. The observed decrease in biomarker levels may suggest
a corresponding reduction in the risk of developing health effects, including malignancies and cataracts!*.

The proportion of pATM- and YH2AX-positive cells measured immediately after EP-procedures showed
a linear correlation with the radiation dose, within the range of 0-185 pSv, as measured by the operators’
dosimeters placed over the chest lead apron. Below 13.4 uSv, no significant increase of pATM or YH2AX -
positive cells above baseline was detected. Radiation doses in the range of 15 to 55.5 uSv resulted in an increase
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in the proportion of pATM- and YH2AX-positive cells above baseline levels in half of the samples. The median
radiation reading with RSS was 15 uSv, which explains the low expression of pATM and yH2AX. A more detailed
study with more participants assayed with immunohistochemistry as well will enable the determination of the
cutoff radiation dose that induces an acute DNA damage repair response involved in DSB repair. This data
may provide important information for reliable risk estimation and the establishment of effective protection
measures. However, lower radiation doses may produce other types of DNA damage, such as oxidation or base
damage, which are also associated with cancer risk. Monitoring DNA repair activities involved in these types of
DNA damage may help in defining mechanism-based safety radiation limits and risk estimation?!*!32,

We estimated the interindividual variability in the induction of pATM and yH2AX expression in CD3*
cells immediately, 4 h, and 24 h after the procedures. While operators A and C demonstrated an immediate
increase in pATM and yH2AX positive cells following the procedures, operator B showed a delayed response
to radiation. Interindividual variability was also observed following the irradiation of operators’ blood samples
simultaneously in-vitro with the same radiation dose and duration. While operators A, C and D demonstrated
variable increase in the proportion of pATM and YH2AX -positive cells, we could not detect an increase in
the proportion of pATM and yH2AX positive cells above baseline in operator B. Interindividual variation in
DSB repair efficiency has been observed previously in both humans and mouse models®2%33. High variability
in baseline 53BP foci was observed in PBMCs from 674 healthy volunteers, and in ex-vivo irradiated PBMCs
obtained from 319 healthy volunteers®. These results suggest that susceptibility to radiation may vary between
individuals. To optimize radiation protection and establish safety radiation limits, the range of interindividual
variability should be evaluated.

The kinetics of pATM and yH2AX expression levels following exposure to radiation were evaluated. Both
PATM and yH2AX expression levels were significantly increased immediately following exposure to radiation.
This rapid response was also observed in lymphocytes exposed ex-vivo to radiation®>*. The pATM positive
cells level was reduced to baseline within 24-hours following exposure. The reduction in yH2AX positive cells
level was delayed compared to pATM; 4 h after exposure, the YH2AX positive cells level remained as high
as immediately after exposure and reduced within 24 h following exposure but remained above baseline. The
residual unrepaired breaks may result from the production of complex DNA damage containing two or more
lesions in close proximity that may contribute significantly to cell killing and mutations>$-2.

This study does not establish a link between the acute DNA damage response observed and an increased
cancer risk or other long-term health outcomes; a larger cohort of operators with chromosomal aberration assay
and prospective follow-up is needed. The radiation dose threshold that induced an acute DNA damage repair
response was not determined due to the small sample size. The procedures were performed at a single center, this
study should be performed in more sites in order to test applicability to other settings. Additionally, the effects
of low- dose radiation on other DNA repair mechanisms, such as base excision repair, and on DNA damage and
mutations, are unknown and should be studied.

We demonstrated that operators engaged in fluoroscopically-guided electrophysiologic procedures may
exhibit a detectable acute DNA damage response, indicating the formation of DSBs and suggest that the standard
radiation shielding equipment do not protect the head, arms and feet from X-ray radiation. We showed that the
implementation of an effective full-body protection system has the potential to mitigate this genotoxic damage.

Materials and methods

Study participants

This study was approved by the Samson Assuta Ashdod University Medical Center ethics committee (0080-
22-AAA) following the principles of the Declaration of Helsinki, and written informed consent was obtained
from each participant before the collection of blood samples. Blood samples were taken from 4 operators, basic
characteristics are presented in Supplement Table SI. Inclusion criteria: performing EP-procedures at Assuta
Ashdod Medical Center, extensive experience with EP procedures including in using the RSS. Exclusion criteria:
Healthy without significant illness, smoking, alcohol use, no medication use, no significant exposure to sunlight,
the annual cumulative radiation exposure does not exceed the permissible annual dose limit, x-ray examination
48 h before the operation, participation in fluoroscopic intervention 24 h before the study intervention.

Procedural details

All electrophysiological procedures were carried out in an EP laboratory at a single center, Assuta Ashdod
Medical Center, Israel, equipped with the Toshiba Infinix fixed X-arm imaging system (Model CAS-830B; DSRX-
T7444G) between June 2023 and January 2024. The frame rate used in these procedures was 7-15 frames per
second. All four operators had to avoid radiation exposure for at least 24 h prior to the baseline blood samples
taken for each experiment. Whenever more than one procedure was included (“consecutive procedures”) - the
waiting period between them was less than 30 min. In all the EP procedures (CIED implantations and ablations),
the operators used a 0.5mmPb lead apron, leaded thyroid collars, leaded goggles, and table-mounted leaded
drapes. For ablation procedures, a ceiling-mounted clear lead shield was also used. Blood samples were collected
from operators before (baseline), immediately after, 4 h after, and 24 h after they performed EP procedures. The
baseline samples were collected no more than 10 min before the operation. The immediately post operation
samples were collected within 5 min after the procedure, these criteria were consistent across all experiments. All
the samples were transferred immediately to research lab located 30 m from the operation room. An additional
baseline blood sample was drawn and placed in a tube next to the C-arm as a positive control. Blood samples
were taken from operators for 3 procedures (“isolated” or “consecutive”), each performed on 3 different days,
when RSS was not installed in the EP laboratory, and then for 3 procedures when RSS was installed. In one of the
4 operators only one experience was fulfilled without RSS and one with RSS.

Scientific Reports |

(2025) 15:18603 | https://doi.org/10.1038/s41598-025-03686-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

The shield system

RSS (Radiaction Ltd., Tel-Aviv, Israel) is a novel robotic system described previously®?’. Briefly, the RSS is
comprised of upper and lower robotic extendable shields assembled on the C-arm around the X-ray tube and
image receptor. It is a lead-free system, with tungsten as the radiation-blocking material. The device utilizes
sensors and controls to deploy and retract its attenuating segments, accommodating C-arm angulation and table
movement. The system has a small control panel mounted on the table rail next to the C-arm’s control panel.
Before rotating the C-arm, the operator retracts the shields to allow free C-arm motion. Once the C-arm reaches
the desired orientation, the shields are quickly deployed by extending the telescopic segments and their flexible
edges. During panning movements, the RSS can be operated in Hover Mode, where the segments are partially
deployed. During CIED implantations, we used a “modified RSS deployment mode” in which one of the upper
segments remained undeployed so that the surgical field was visible and accessible to the operator.

Standard dosimetry and radiation measurements

Electronic dosimeters were used to record cumulative measurements of the dose equivalence of absorbed
radiation in micro-Sievert. Highly sensitive sensors were used for radiation dose measurements (Mirion DMC
3000; Mirion Technologies, Inc). The minimum sensitivity of the Mirion DMC 3000 sensor for a clinical
environment was 0.01 uSv. Normalized exposures were calculated by dividing total dose (in uSv) to the Dose
Area Product (Gy x m?). For each operator one dosimeter was attached to the operator’s chest (above the
operator’s protective lead apron). An additional dosimeter was placed next to the positive control blood tube
in front of the RSS. The Dose-Area Product (DAP) and fluoroscopy time were recorded for all procedures. All
radiation measurements were normalized by the DAP retrieved from the fluoroscopy imaging system at the end
of each procedure. Total X-ray time (including total fluoroscopic time and total acquisition time) was taken from
the fluoroscopy imaging system at the end of each procedure. Procedure time was measured from the moment
the patient entered the room until they left.

Flow cytometry

Peripheral blood samples (about 3 ml) were collected from EP operators in Ethylenediaminetetraacetic acid
(EDTA) tubes (BD Biosciences) immediately before, immediately after, 4 h after, and 24 h after the procedures.
Within 5 min of each procedure red blood cells were lysed using red blood cells lysis solution (Sartorius) for
10 min at room temperature and then centrifuged for 10 min at 300xg. Cells were diluted to 1x10° cells/ml
and immediately fixed using Inside Fix (Miltenyi Biotec) for 10 min at room temperature, then centrifuged for
5 min at 500xg (4 °C)?*. The cells were permeabilized on ice for 30 min with ice-cold (-20 °C) Permeabilzation
Buffer A (Miltenyi Biotech) and washed twice with cold buffer (phosphate-buffered saline (PBS), pH 7.2, 0.5%
bovine serum albumin (BSA), and 2 mM EDTA). The cells were stained for 30 min in the dark with 1:50 diluted
fluorescein isothiocyanate (FITC)-conjugated mouse anti-human CD3 antibody (130-113-128, Miltenyi Biotec),
1:160 diluted (0.125 pg) phycoerythrin (PE)-conjugated anti-human ATM Phospho (Ser1981) antibody (651204,
BioLegend), and 1:50 diluted allophycocyanin (APC)-conjugated anti-human H2AX pS139 (YH2AX) REAfinity
antibody (130-123-256, Miltenyi Biotech). Fluorescence minus one sample and PE and APC-conjugated IgG
isotype controls (BioLegend and Miltenyi Biotech, respectively) were used for gating of pATM and yH2AX. Flow
cytometry of 50,000 cells was performed with DXxFLEX (Beckman Coulter) flow cytometer and analyzed using
CytExpert for DXFLEX software (Beckman Coulter).

Irradiation of blood samples in-vitro.

As an assay positive control, we measured the expression of pATM and yH2AX in blood samples
irradiated in-vitro. Before each procedure, 3 ml peripheral blood was collected from each operator in
Ethylenediaminetetraacetic acid tubes (BD Biosciences) and positioned about 25 cm from the x-ray source
during the procedure and attached to a dosimeter. Immediately after the procedure the tubes were treated
as described above for analyzing pATM and YyH2AX expression together with the tubes obtained from each
operator immediately after the procedure. In order to evaluate the variability between operators in-vitro, 3 ml
peripheral blood was collected from 4 operators in Ethylenediaminetetraacetic acid tubes (BD Biosciences) and
positioned and treated as described above.

Statistical analysis

GraphPad Prism 10.2.3 (403) (Graphpad Software Inc) and SPSS- version 21 statistical software (IBM.Chicago,
Illinois) were used for data analyses. Where appropriate, nonparametric Wilcoxon signed rank, Man-Whitney
U and 1-way analysis of variance tests (ANOVA) were used. Multiple comparisons were performed with Tukey’s
multiple comparisons test or Dunn’s multiple comparison test. A p value <0.05 was considered to be statistically
significant. Power analysis was performed using GraphPad Prism, alpha (two tails) =0.05, the achieved power
is 0.85 (total sample size=20 10 in each group, mean groupl =1.578, mean group2 =6.992, standard deviation
group 1=1.536, standard deviation group 2=5.135).

Procedural abbreviations: PVI Cryo=pulmonary vein isolation with cryoballoon anlation catheter;
PVI Helius Carto=pulmonary vein isolation with Helius radiofrequency balloon ablation with Carto
electroanatomical mapping, Biosense Webster; ICD =implantable cardioverter defibrillator; PPM = permanent
pacemaker; EPS = electrophysiological study; CRTD = cardiac resynchronization therapy with defibrillator; CTI-
cavo-tricuspid isthmus line. LAO = Left Anterior Oblique, AP = Anteroposterior.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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