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Abstract: EURADOS (European Radiation Dosimetry Group) Working Group 12 (WG12) SG1 activi-
ties are aimed at occupational radiation protection and individual monitoring in X-ray and nuclear
medicine practices. In recent years, many studies have been carried out in these fields, especially
for interventional radiology and cardiology workplaces (IC/IR). The complexity of the exposure
conditions of the medical staff during interventional practices makes the radiation protection and
monitoring of the exposed workers a challenging task. The scope of the present work is to review
some of the main results obtained within WG12 activities about scattered field characterization and
personal dosimetry that could be very useful in increasing the quality of radiation protection of the
personnel, safety, and awareness of radiation risk. Two papers on Monte Carlo modelling of inter-
ventional theater and three papers on active personal dosimeters (APDs) for personnel monitoring
were considered in the review. More specifically, Monte Carlo simulation was used as the main tool
to characterize the levels of exposure of the medical staff, allowing to determine how beam energy
and direction can have an impact on the doses received by the operators. Indeed, the simulations
provided information about the exposure of the operator’s head, and the study concluded with the
determination of an eye-lens protection factor when protection goggles and a ceiling shielding are
used. Moreover, the review included the results of studies on active personal dosimeters, their use
in IC/IR workplaces, and how they respond to calibration fields, with X-ray standard and pulsed
beams. It was shown that APDs are insensitive to backscatter radiation, but some of them could
not respond correctly to the very intense pulsed fields (as those next to the patient in interventional
practices). The measurements during interventional procedures showed the potential capability of
the employment of APDs in hospitals.
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1. Introduction

The complexity of the exposure conditions of the medical staff during interventional
practices makes radiation protection and monitoring of the involved workers a challenging
task [1-3]. The scattered radiation field produced by the patient from the primary X-ray
beam and propagating towards the operators can be mitigated by wearable protective means
(aprons and collars) and a properly positioned shielding [4]. Notwithstanding that, because
of the increasing numbers of procedures performed in a year, due to their diagnostic and
therapeutic effectiveness [5], the annual doses in personnel performing this kind of practice are
among the highest registered for workers in the medical field [1,2,6,7]. For instance, increasing
knowledge about exposure conditions and optimizing radiation protection are fundamental
to fulfill the implementation of the ALARA (as low as reasonably achievable) principle for
those workers.

If it is possible to assess dose in the hand and finger employing ring or bracelet
dosimeters [8,9], effective dose estimation, evaluated through a personal equivalent dose,
Hp(10) measurements, is even more complex. A protective apron and collar only partially
protect the operator’s body from the scattered radiation. Indeed, the operator’s exposure
is dependent on the X-ray tube projection, which is changed during practice, according
to diagnostic needs. For these reasons, a single dosimeter put under the apron or on the
apron (in various positions, at the waist or breast or at clavicle height) cannot mimic the
exact exposure situation of the operator. Different correction factors are available in the
literature, to be applied to a single dosimeter reading, or algorithms that can be employed
when two dosimeters (one on and one under the apron) are worn simultaneously [10,11].

The re-evaluation of the tissue reaction and the radiosensitivity of the eye lens [12,13]
and the subsequent annual dose limit reduction introduced in the EU 2013/59/Euratom
directive [14] involved an update on the methodology of the eye lens dose estimation in
interventional practices [15,16].

Lastly, the introduction of electronic dosimeters and online devices for operator dose
monitoring [17-20], on the one hand, opens new perspectives for individual dosimetry, and
on the other hand, it requires better knowledge of their behavior in interventional fields
and a thorough check of their reliability.

For all these reasons, a great part of the EURADQOS (European Radiation Dosimetry
Group) Working Group 12 Dosimetry in medical imaging (WG12) activities has been
devoted to performing a series of studies on the exposure of medical staff performing
interventional practices. The scope of the present work is presenting a review of the
main results obtained in WG12 and published in the literature aimed at characterizing the
irradiation field and the exposure of the operator’s head and studying the response of an
electronic dosimeter in interventional practices. Some new outcomes, not yet published,
are reported to complete the discussion of the results.

2. Simulation of the Scattered Radiation Field and the Operator Doses
2.1. Interventional Theater Modelling

Monte Carlo (MC) simulations, mainly obtained by the MCNP (Monte Carlo N-
Particle) code family [21,22], supplied the primary data for the scattered field study. A
modified version of a MIRD (Medical Internal Radiation Dose Committee) type model [23]
was used to mimic the patient and two operators. The two operators were covered with a
0.5 mm Pb layer, properly shaped, representing the protective apron and collar, and their
arms were bent to reproduce a “realistic” position. The kerma area product transmission
chamber (KAP), normally employed to monitor the X-ray emission during the clinical exam,
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was reproduced as a simple air parallelepiped put at a given distance from the source. The
KAP calculated values were used to normalize the dose-calculated values. The dosimeters,
put in selected positions on the operators, were simulated as simple air-filled spheres, with
a 1 cm radius. The corresponding dose equivalent was calculated by folding the photon
fluence reaching the sphere with the ICRU (International Commission on Radiation Units
and Measurements) conversion coefficients [24].

Initially, the geometry included only a single operator and the undercouch shielding;
then a second operator was added on the right of the first operator (Figure 1). The two
operators’ positions were changed, as their “direction” (rotating the models on their vertical
axis toward the patient head or feet), and a 0.5 or 1 mm rectangular lead ceiling shielding
was opportunely positioned between the operators and scattering source when needed.

second operator

first operator

dosimeter

apron

NGRS OeNice couch shielding

Figure 1. Monte Carlo simulated scenarios with two operators and the patient (PA X-ray beam
projection). Interventional cardiology (IR) on the left (first operator next to the image device),
interventional cardiology (IC) on the right (first operator near the right patient’s leg).

The X-ray tube beam qualities were simulated according to the IPEM (Institute of
Physics and Engineering in Medicine) spectral data [25]. Different beam qualities (changing
kV and copper and aluminum filtrations) were employed, and, besides posteroanterior
(PA), different beam projections were considered (left anterior oblique (LAO), right anterior
oblique (RAO), cranial (CRA), caudal (CAU)) at various impinging angles (25°, 30°, 45°,
60°, 90°).

2.2. Scattering Field Evaluation and Operator’s Whole Body Exposure

During the European ORAMED (Optimization of Radiation Protection of Medical
Staff) [26] project, the effect of the LAO and CRA projections in increasing the exposure
of the operator with respect to the RAO projections was demonstrated [4]. These ef-
fects were confirmed in more recent works, and in particular, it was seen how the image
device, in interventional radiology (IR) practice, can have a “protective” effect on the
first operator [27].

The personal dose equivalent, H,(10), was calculated through dosimeters placed at
three heights (waist, breast, and neck) on the apron, along the sagittal median plane of
the anthropomorphic model, for sake of simplicity. The study [27] allowed investigating
the differences in the scattering field reaching the two operators during IR practice. A
detailed analysis of the scattering can be found in the cited paper here, as can be seen in
Figure 2, for PA projection (the most common projection employed in those procedures).
The highest dose is registered at the level of the waist, and it decreases moving toward
the neck. Because of the distances with the patient and beam, the second operator’s doses
were lower than the first with the only exception of the dosimeter put on the neck. Here,
the values were more similar due to the reduced amount of radiation coming directly
from the patient and because the possible increase of the contribution derived from the
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multiple scattering. Indeed, as said above, the image device can play a role in reducing the
exposure of the first operator upper parts. An analogous exposure condition was recently
investigated, even in the presence of a ceiling shielding, by the group of Nowak et al. [28],
who published the spectra of the scattered photons in selected positions in an interventional
theater. The complexity of the situation of the scatter reaching the operators in IR can be
guessed also considering what happens to the LAO 25° (left anterior oblique 25°) projection
(Figure 3). In that case, the image device does not offer an additional protection to the
first operator, and the doses registered at the neck (these data have not been published
previously) depend more directly on the distances from the beam (Figure 4). In that case,
the doses to the first operator are higher. As can be seen, indeed, the doses for the LAO
projections are higher than those evaluated for the PA projection due to the direction of the
X-ray beam impinging on the patient, which increases the backscatter component directed
towards the operator, as already demonstrated in a previous work [4].

A Operator 1 waist O Operator 1 breast

A Operator 2 waist ® Operator 2 breast
¢ Operator 1 neck + Operator 2 neck
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Figure 2. The response of a dosimeter put on the operator’s apron at three different heights in
interventional radiology procedures (MC simulations for PA projection, data taken from [27]).

Figure 3. Monte Carlo simulated irradiation in interventional radiology for the LAO 25° projection.
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Figure 4. The response of a dosimeter put on the operator’s apron. MC simulations for the LAO
25° projection).

In the case of IR, the exposure of the first operator, registered by a dosimeter put
on the breast, on an apron, is of the order of 10 uSv/ Gy-cmz, a value in agreement with
those reported by Leyton et al. [29] and Martin [2], and that can be reduced by about two
orders of magnitude when an additional shielding is used, as simulation and measurement
demonstrated [27].

Because the anthropomorphic models were based on a MIRD male phantom [23],
it was possible only to evaluate a sort of “male effective dose” (the effective dose per se
would require the average of the doses evaluated in the female and male models). The
calculated “male effective dose” for the first operator ranges from 0.03 uSv/Gy-cm? to
0.4 uSv/Gy-cm?, with the X-ray mean energy varying from 40 keV to 70 keV, and from
0.015 uSv/Gy-cm? to 0.1 uSv/Gy-cm? for the second operator [27]. Such estimates are in
agreement with the data published by Kim et al. [30].

Some algorithms available in the literature employ Hp(10), evaluated by only one
dosimeter put on the protective collar, to estimate the effective dose [11]. In particular, the
NCRP report suggests dividing H,(10) by 21 [31], and McEwan suggests multiplying it by
0.08 [32] (i.e., dividing it by 12.5). These two factors can be compared with those that can
be calculated from WG12 studies in IR.

In Figure 5, the ratios between Hy(10), evaluated with the neck (unshielded) dosimeter,
and the “male effective dose” versus beam energy are reported (these data have not been
published previously). They vary from 3 to 25 for the first operator and from 15 to 45
for the second operator, and their mean values are 10 and 27, respectively. The factors
are lower for the first operator because the doses evaluated in the collar are comparable
between the two operators, but the effective dose for the first operator is higher; thus the
“correction factor” is lower. It is worth recalling that, due to the geometries and distances
from the patient, the position of the second operator (near the patient’s right leg) can
mimic the position of the first operator during interventional cardiology (IC) procedures
(through femoral access; see also Figure 1). Thus, the mean values obtained from the simu-
lations can justify the discrepancy of the correction factors in the two papers cited above,
considering that they could have been evaluated in different conditions (cardiology vs.
radiology, beam energy, distances, etc.) and that they are plausible, taking into account the
variability of the exposure due to the complex scattered field reaching the operators during
interventional practices.
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Figure 5. Ratio between H(10) evaluated with a neck unshielded dosimeter and calculated “male
effective dose” versus X-ray mean energy (MC simulations for PA projection).

In Figure 6, the ratios between H,(10), evaluated with a dosimeter put on the breast
(unshielded), and the “male effective dose” are reported, and they vary from 25 to 125 for
the first operator and from 25 to 190 for the second operator. The large variability of those
factors for the effective dose evaluation with a single dosimeter is coherent (for X-ray mean
beam energies higher than 45 keV) with the range of values reported by Jarvinen et al. [33].
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Figure 6. Ratio between H(10) evaluated with unshielded dosimeter put on the apron at the
breast level and calculated “male effective dose” versus X-ray mean energy (MC simulations for
PA projection).

2.3. Exposure of the Operator’s Head and Eye Lens

In studying the scattering radiation impinging on an IR operator in WG12, a partic-
ular attention was addressed to the head and eye lens exposure. In an early work [23],
considering only one operator and femoral access position in IC procedures, the exposure
of the eye lens was investigated, taking into account different X-ray qualities, projections,
and protective means (goggles and ceiling shielding). The simulation demonstrated how
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the efficacy of the protective goggles was very dependent on their shape and ability to
attenuate the radiation coming from below, in agreement with experimental data produced
by Domienik and Brodecki [34]. In order to determine the direction of incidence of the
scattered radiation towards the eye lens, the geometry was simplified, modelling the eye as
a simple sphere of the eye-bulb size, divided in spherical sectors by median axial, sagittal,
and coronal planes (more details can be found in the cited paper [23]). It was shown that
properly shaped goggles can reduce the absorbed dose up to nearly a factor of 10 (but
this is highly dependent on their shape; see also [35]), and that is particularly valid for the
left eye lens, which usually receives twice the amount of the radiation reaching the right
eye lens. The latter was in fact reached by the radiation scattered inside the head of the
operator, an effect suggested by Martin [36] and proven in the cited work [23]. Protection
of the eye lens is achievable, in a less straightforward way, through the ceiling shielding,
provided that it is correctly positioned with respect to the beam and the scattering source.
In the same study, it was shown how in case of a LAO 90° projection, with the X-ray tube
on the left side of the first operator, the protective efficiency of the shielding is reduced by a
factor of the order of 10 when the shielding is not correctly placed (i.e., shifted in a position
that does not protect the operator from the scattered radiation [23]). Similar considerations
have been drawn for the other projections tested and for radial access and can be stressed
to improve the compliance of operators to radioprotection strategies [37,38].

Analogous remarks on the effectiveness of the shielding can be made for the protection
of the head (brain) of the operator involved in interventional practices. Recent studies
have put the attention on the possible increase in the malignant late effect of radiation in
IR and cardiology personnel due to the left part of the brain exposure [39—42]. In order to
study that exposure, the brain of the numerical models was properly segmented to roughly
reproduce human brain lobes (frontal, temporal, parietal, and occipital), a cerebellum, and
a stem [43]. The absorbed doses in these brain sectors, normalized to the KAP values, were
calculated for the two operators of IR, in the absence of a ceiling shielding (a condition not
so infrequent in practice) for different X-ray beam qualities and projections (PA, RAO 25°,
LAO 25°, CAR 25°).

Even in the approximations introduced by the rigidity of the models (considering the
variability of the real scenario), in interventional radiology, because of the position with
respect to the X-ray beam, the left and right brain parts of the first operator are affected by
nearly the same amount of radiation, with a maximum corresponding to the frontal lobes
(as expected from a previous study on the incidence direction of the scattered radiation on
the head [23]). On the other hand, for the second operator, placed on the right side of the
first operator, in a position that can resemble the position of the first operator in IC, the left
part of the brain receives twice the amount of the radiation received by the right part (in
agreement with what happens with the eye lens in the same situation). The highest values
were obtained for the LAO and PA projections, then for the CRA and RAO projections.

Depending on the beam quality, projection, and operator position, in the absence of a
ceiling shielding, the range of the absorbed doses to the brain varies between 0.1 Gy-cm? and
0.7 uGy/Gy-cm? for the first operator in IR and between 0.1 Gy-cm? and 1.1 pGy/Gy-cm?
for the second operator. It is worth recalling here that, because of the peculiar exposure
condition in IR, the first operator is nearer to the patient but partially shielded by the image
device in the PA projection; thus the absorbed dose to the brain of the first operator can be
lower than the absorbed dose to the brain of the second operator. Considering a typical
KAP value ranging from 20 Gy-cm? to 40 Gy-cm? [9], one gets about 2 uGy to 28 pGy for the
first and 4 pGy to 44 uGy for the second operator per procedure, respectively. These values
are consistent with the (48 +/— 28) uGy per procedure reported by Watson et al. [44] and
with those recently evaluated using plastic phantoms and dosimeters by Hattori et al. [45].
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Taking into account 200 to 500 procedures in a year [5], the annual absorbed dose can
vary between 0.4 mGy and 22 mGy. The latter value is in agreement with the exposure
considered by Reeves in “The Brain Study” [41].

3. Testing Active Personal Dosimeters in Interventional Practices

A reliable evaluation of the IR and IC medical staff exposure is of primary concern,
and this can be pursued even taking advantage of new technologies, such as electronic
personal devices and online measuring systems [18-20] possibly coupled with fast Monte
Carlo codes [17]. For that reason, WG12 performed a series of studies addressed to analyze
the behavior of the APDs (active personal dosimeters) in interventional practices.

The study was divided into three lines of investigation: (a) the response of some
commercially available APDs was tested in primary standard dosimetry laboratories, em-
ploying continuous and pulsed X-ray field (like those used in interventional practices);
(b) the responses of both APDs and passive-type dosimeters (thermoluminescence (TLD),
radio-photoluminescence (RPL), optically stimulated luminescence (OSL), and film dosime-
ter) were studied in secondary standard dosimetry laboratories, employing the standard
ISO (International Organization for Standardization) water slab phantom [46] covered by
a “typical” interventional radiology operator’s protective apron, determining the effect
of such protective means on the dosimeter response; (c) a measuring campaign in an in-
terventional theater was performed, with operators wearing a device that housed both an
RPL dosimeter and an APD, to guarantee that they were exposed simultaneously in the
analogous conditions.

3.1. APD Response in Continuous and Pulsed X-ray Field

Commercially available APDs were tested in a calibration laboratory at KIT (Karlsruhe
Institute of Technology), NIOM (Nofer Institute of Occupational Medicine), and PTB
(Physikalisch-Technische Bundesanstalt) with 60Co, 137Cs sources, and selected RQR X-ray
beams (in continuous and pulsed emission) [47]. All the measurements were performed
on an ISO water slab phantom in ISO reference conditions [46]. The behavior of the
dosimeters against an increasing dose rate was checked, showing that some of them tended
to underestimate doses because they were not able to correct for the electronic pile-up at a
certain dose rate [48]. The IEC (International Electrotechnical Commission) is preparing a
technical report describing a general procedure for testing the suitability of a dosimeter for
pulsed radiation fields, IEC/DTS 63050 [49]. Due to the pulsation of the radiation field, the
response will not change by more than £20%. Additionally, the smallest acceptable value
for the maximum measurable dose rate of a dosimeter will be at least 1 Sv/h. Both criteria
were only fulfilled by 3 of 10 tested APD types (see the cited paper [48] for more details).

3.2. Effect of the Protective Apron on a Dosimeter’s Response

The response of passive (TLD, OSL, RPL, and films) and active dosimeters was tested
in secondary standard dosimetry laboratories with '3’Cs and selected RQR X-ray beam
qualities (continuous emission). The dosimeter was placed on an ISO water slab phantom,
and the measurement was repeated, putting an apron or an equivalent thickness of lead
on the phantom between the slab and the dosimeter, mimicking the wearing condition
of the dosimeter put on the apron in interventional procedures. The measurements were
coupled with Monte Carlo simulations. In the presence of a protective apron on the slab,
the study showed a reduction of the order of 30% for the dose reading in the case of passive
dosimeters. The dose readings were less affected by the apron for electronic dosimeters due
to the reduced sensitivity to backscatter of the latter device [50]. This behavior is clearly
visible in Figure 7, where the ratios of the responses of the tested dosimeters placed on the
calibration phantom, with and without the lead layer, were reported.
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Figure 7. Ratios of Hp(10) with lead apron and Hy,(10) without lead apron of different types of active
and passive dosimeters placed on ISO calibration phantoms for different beam and radiation qualities
(data taken from [50]).

3.3. Comparison of the Responses of Active and Passive Dosimeters in the Hospital

With the aim of testing simultaneously passive (RPL) and active dosimeters in the
hospital, a simple device housing the two dosimeters (Figure 8) and to be worn on an apron
was distributed among physicians performing interventional procedures. A measurement
campaign was performed comparing the doses received by the two types of dosimeters.
Because direct reading was possible in the active dosimeter, after a certain level of cu-
mulated dose, that was registered, the passive dosimeter was removed and substituted,
and the active dosimeter reset for a new measurement. The comparison of the readings
of the passive and active dosimeters showed a certain spread in the results, particularly
at lower doses, and, in general, an underestimation of the doses in the case of the active
ones. In particular, it was observed that the three tested APD, EPD Mk2.3, DMC-3000, and
RaySafe-i2 had, on average, a 30%, 10%, and 10%, respectively, lower response than the
reference RPL passive dosimeter. Due to the fact they were worn in a random variety of
standard interventional procedures, with a random range of energies, angles, and pulse
field characteristics, the standard deviations ranged from 40% to 50%, but the tendency is
clear for the three devices (more details can be found in the published paper [51]).

Figure 8. The simple device employed the measurements in the hospital during the interventional
procedures. The APD was attached to the upper section of the device, while the lower section hosted
the RPL.
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The causes of that behavior can be associated with the pulsed field and the slightly
different heights of the two dosimeters that can play a role in such discrepancy. A series of
recommendations for APD employment in the medical field have been published [52].

4. Conclusions

EURADOS WG12 activities are driven to radiation protection in the medical field. The
works reviewed in the present paper aimed at a better knowledge of personnel radiation
exposure in interventional practices. These studies were performed through MC simula-
tions and measurements, in calibration laboratories and hospitals, and brought results that
can be used to increase the quality of radiation protection of personnel and the awareness
of radiation risk.

Two studies of the scattering around the operator’s head [23,43] provided information
about the exposure of the eye lens and the operator’s brain, offering strategies to optimize
radiation protection. They stated that the exposure of the eye lens can be reduced by a
factor of 2 up to nearly a factor of 10 employing proper goggles (i.e., goggles adherent to the
operator face, capable of absorbing the radiation coming from the bottom (see also [34],) but
goggles with an unsuited shape offer a lower protection level [35,36]). A reduction of the
order of 10 can be obtained also from a ceiling shielding (see also [53]), but it is important to
underline that a non-optimal placement of the shielding, with respect the main source of the
scatter, can heavily reduce its protection capability. Thus to avoid exposure of the operator’s
eyes and head, a correct shielding positioning should be stressed [54], particularly when
goggles are not used, to improve radiation safety and awareness [37]. The same ceiling
shielding can offer a protection also for the operator’s brain that during an interventional
procedure can receive exposure ranging from 0.1 pGy/Gy-cm? and 1 pGy/Gy-cm? in
the absence of a proper shielding, implying absorbed doses that are coherent with those
evaluated for long-term effects in medical staff cohorts [40].

A study on operator exposure in interventional radiology [27] allowed a better knowl-
edge of the scattering field in relation to the H,(10) evaluated with dosimeters put on
an apron. During interventional procedures, a dosimeter put on an apron can receive a
dose, expressed in terms of Hp(10), of the order of 10 pSv/Gy-cm? per procedure, but the
same studies also showed the sensitivity of such kind of evaluation due to the dosimeter’s
position coupled with the complexity of the scattering scenario.

Indeed, three studies on APDs [48,50,51] considered the opportunity of using these
devices. In particular, they showed that during a calibration procedure on a phantom,
APDs are insensitive to the backscatter radiation, but some of them could not respond
correctly in case of a very intense pulsed X-ray beam. That means that some aspects related
to APDs probably deserve supplementary investigations.

Based on the work performed on these devices, a series of recommendations were proposed
as a practical guide for hospital users, medical physicists, and radiation protection experts [52].

Future works will be addressed to better assess APDs’ response in these pulsed
radiation fields and to study the influence of the position of the dosimeter on the operator
on the evaluated doses.

A comprehensive document summarizing all the works performed in this field by WG12
is under preparation, and it is expected to be issued soon as a EURADQOS technical report.
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