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Abstract

In fluoroscopy guided interventional procedures, workers protect part of their body with
personal shielding. In these situations, it is recommended to wear two personal dosemeters. A
combination of the results of both dosemeters is used for a better estimate of the effective dose,
while the dosemeter above the protective garment can help to assess the equivalent dose of the
lens of the eye.

When a personal dosemeter is worn above the protective apron the detected radiation scattered
field changes this study analyses the changes in the response of 7 passive and 8 active personal
dosemeters when they are placed above a lead or lead-equivalent garment for S-Cs and X-ray
diagnostics qualities. Monte Carlo simulations are used to support the experimental results.

It is found that for passive dosemeters, the influence on the dosemeter’s response of the lead or
lead equivalent layer was within the range 15-38% for the X-rays qualities. This effect is
smaller, of the order of 10%, when lead-free garments are used and much smaller, within 1%-
10% for most of the APDs used in the study.

From these results it is concluded that when comparing passive and active dosemeters’
measurements worn above a protection in interventional radiology, a difference of 20%-40% is
expected. The effect is small when deriving the effective dose from double dosimetry
algorithms but, that it can be of major importance in workplaces where eye lens monitoring is
based on the use of the dosemeter worn above the protections.

1. Introduction

Dose monitoring of workers exposed to external ionizing radiation is usually performed by
measuring the personal dose equivalent, at depth of 10 and 0.07 mm, H,(10) and H,(0.07), with
a whole body dosemeter situated on a point of the body (ICRU 1992; ICRP, 1997, ICRP 2007).
In homogeneous fields, Hy(10) is a good estimate of the protection quantity effective dose, E,
and the value of Hy(10) can be compared to the relevant dose limits for £. However, when
workers wear protection garments, such as lead aprons or thyroid collars, the radiation field is
no longer homogeneous and thus H,(10) and H,(0.07) do not provide a good estimate of the
effective dose, E, and personal dosimetry is more challenging.

This is the situation in fluoroscopy guided interventional procedures where staff works in close
proximity to the radiation source (X-ray tube and scattered radiation from patients) and protect
part of their body with personal shielding. In this situation the ICRP recommends the use of two
dosemeters, one above the protection and the other one below the protection (ICRP 2001). The
determination of E using an algorithm that combines the reading of the two dosemeters is
known as “double-dosimetry” (Clerinx et al. 2008). By applying such double dosimetry, a better
estimate of £ can be obtained than with just one dosemeter above or below the lead apron.
Indeed, one dosemeter under the protective apron will underestimate E, while one dosemeter
above will significantly overestimate E.



Although double-dosimetry has been used for more than 20 years, its use is still not common
practice in many countries (Bartlett et al. 2000; Carinou et al. 2018). Besides, there is no
consensus about the most appropriate algorithm for workers in interventional radiology.
Jarvinen et al. published a detailed literature review about available double-dosimetry
algorithms and they concluded that there is not just one algorithm which is optimum for all
procedures (Jarvinen et al. 2008a; 2008b). However, they also recommended the use of two
dosemeters rather than a single dosemeter.

The interest in double-dosimetry and in particular in the use of a whole body dosemeter situated
on an unprotected part of the body (above the thyroid collar or above the lead apron) has
increased due to the recommendation of the ICRP, the IAEA and the European Commission
(EC) to reduce the annual eye lens dose limit for exposed workers to 20 mSv (ICRP 2012;
IAEA 2014; EC 2014). This new value has launched a great interest in the eye lens monitoring
especially for workplaces where the eyes are particularly close to the radiation emitter, such as
in interventional radiology. An adequate system for monitoring shall be set up for workers liable
to receive an exposure greater than an equivalent dose of 15 mSv per year for the lens of the eye
according to the European Directive 2013/59 (EC 2014). In addition, ISO 15382 recommends
monitoring of the lens of the eye for workers if there is a reasonable probability to receive a
dose in a single year greater than 15 mSv or in consecutive years greater than 6 mSv per year
(ISO 2015).

The most accurate method for monitoring the equivalent dose to the lens of the eye, Hics, is to
measure the personal dose equivalent at 3 mm depth, Hy(3), with a dosemeter worn as close as
possible to the eye and calibrated on a phantom representative of the head (ICRU 1992; Carinou
et al. 2015). However, in practice, wearing the dosemeter close to the eye is not very
comfortable and many users prefer to estimate Hp,(3) through H,(10) or H,(0,07) measured with
dosemeters worn above the protection (IAEA 2013; Broughton et al. 2013; Carinou et al. 2014).
Therefore, at present, the use of double dosimetry is recommended both for a better estimate of
E and of Hiens when part of the body is protected.

A personal dosemeter has to be designed to measure the quantity Hy(d). Type tests requirements
can be found in IEC62387 for passive dosemeters (IEC 2012), and in IEC61526 for active
dosemeters (IEC 2010). Hy(d) is defined in a point on the body, thus inherently including the
radiation backscattered by the body (ICRU 1992). When such dosemeter is worn above the lead
apron, this changes its response and will no longer be measuring the H,(d). This issue was
partially analysed for LiF personal dosemeters by Damet et al (2011), Saldariaga Vargas et al.
(2018) and Quintero-Quintero et al. (2018).

Within this framework, the goal of this study is to analyse the changes in the response of, both
passive and active, personal dosemeters when they are placed above a lead or lead-equivalent
garment. Standard calibration set-ups are used in combination with lead or lead-equivalent
absorbers. Monte Carlo simulations are used to support the experimental results.

2. Material and methods

2.1 Types of dosemeters

Seven types of passive dosemeters from seven accredited external personal dosimetry services
(PDSs) including the most common types of passive detectors were selected for the study: films,
optically stimulated luminescent dosemeters (OSL), radiophotoluminiscent dosemeters (RPL)
and thermoluminiscent dosemeters (TLD). Table 1 summarises the characteristics of the
selected systems. All dosemeters provided both measurements of H,(10) and H,(0.07), but only
Hy(10) data will be discussed in this study.



Table 1. Characteristics of the tested passive dosemeters

Sensible Dosimetry
Technology Manufacturer Material Holder service
Film Foma Bohemia DF10+DF2 2 ﬁlfl-lllltse?;ld 4 NIOM - Poland
Dosimetrics 2 detectors and
OSL GmbH BeO 2 filters HMGU-Germany
. . 4 detectors and SCKCEN-
OSL Landauer Inlight ALOs:C 4 filters Belgium
. Phosphate
Chiyoda 1 detector and 5
RPL Technol Corp. g(ljaz)sbs{) é?ig filters IRSN-France
Harshaw — p— . 2 detectors and :
TLD TLD-100 LiF:Mg,Ti 2 filters RBI-Croatia
TLD Panasonic — LixB4Oy 4 detectors and Dosilab-
UD-802 CaSOq4 4 filters Switzerland
TLD Rados- MTS-N  LiF:MgTi ~ 2deectorsand  ppA Greece

PDSs were requested to prepare 12 dosemeters and to measure them according to their usual
procedure. All the data were treated confidentially using an identification code assigned to each

type of dosemeter.

Eight types of active personal dosemeters (APDs), frequently used in Europe and with a known
satisfactory energy response for photon radiation in the energy range of 30 to 100 keV were also
selected for the study. Table 2 shows the list and main characteristics of the tested APDs; all of
them were based on semiconductors for the detection of radiation. The last column in Table 2
indicates the number of units per type of each APD used in the study.

Table 2. Characteristics of the tested active personal dosemeters (APDs)

Manufacturer Type Energy range Dose rate range Nu:lnnt;f; of

Atomtex AT3509C 15 keV- 10 MeV 100 nSv/h- 5 Sv/h 2
Dosilab EDM 11 20 keV- 6 MeV 500 nSv/h- 1 Sv/h 3
Mirion Technologies DMC 2000 20 keV- 7 MeV 10 uSv/h- 10 Sv/h 3
Mirion Technologies DMC 3000 16 keV- 7 MeV 10 uSv/h- 10 Sv/h 3
Polimaster PMI1610A 20 keV- 10 MeV 10 nSv/h- 12 Sv/h 1
Polimaster PMI1621A 10 keV- 20 MeV 10 nSv/h- 200 mSv/h 2
RaySafe RaySafe i2 33 keV- 101 keV 40 pSv/h- 300 mSv/h 4

Thermo Fisher EPD Mk2 16keV-7MeV 50 nSv/h- 4 Sv/h 3
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2.2 Irradiation set-up

Irradiations were carried out at UPC (Spain), NIOM (Poland), KIT (Germany) and EEAE
(Greece) secondary standard accredited calibration laboratories. Dosemeters were irradiated on
an ISO slab phantom following ISO 4037-3 recommendations (ISO 1996). The radiation
qualities used in the irradiations were: the IEC 61267 standard Radiation Qualities in Radiation
beams emerging from the X-ray source Assembly (referred to as RQR series)(IEC 2005) for an
X-ray tube voltage of 70 kV (RQR 5) and 120 kV (RQR 9) and the ISO 4037-1 standard
gamma quality corresponding to '*’Cs (referred to as S-Cs) (ISO 1992) were selected. The
reference personal dose equivalent Hy(10) was determined using the conversion coefficients
from air kerma to Hp(10), 4px(10, E)siab, shown in Table 3. For S-Cs, the coefficient indicated in
ISO 4037-3 is used. For RQR qualities, conversion coefficients were calculated using Monte
Carlo simulation following the procedure described in Principi et al. (2016). Table 3
summarises the main characteristics of the reference radiation qualities used in the tests, /px(10,
E)sian, and the irradiation dose range.

Table 3. Irradiation qualities, conversion coefficients and dose range

Radiation Radionuclide/ HVL Mean energy  /hpk(10, E)san  Dose range
quality Tube voltage (kV) (mm Al) (keV) (mSv/mGy) (mSv)
S-Cs 37Cs - 662 1.21 2-5
RQR9 120 5.00 56 1.52 2-5
RQR 5 70 241 38 1.176 2-5

For the passive dosemeters, for each radiation quality, two units of each dosemeter type were
irradiated at the same time. Then the irradiations of two additional dosemeters were repeated
placing a 0.5 mm lead layer between the dosemeters and the phantom. Figure 1 illustrates the
set-up for two types of passive dosemeters. Once irradiated the passive dosemeters were sent to
the PDSs for evaluation. The PDSs had no information about the irradiation set-up: photon
radiation qualities or when the lead layer was or was not used. Two background dosemeters
were included so that background and transport doses were taken into account.

Figure 1. Example of the irradiation with and without lead layer for a film and a TLD
dosemeter

For APDs, a single dosemeter was placed in the center of the phantom. The dosemeters were
positioned perpendicular to the axis of the radiation beam, taking into account the
manufacturers’ guidelines with regard to determining the center of the active area. Irradiations
as in the case of passive detectors were made on the ISO phantom without and in the presence
of a 0.5 mm lead layer. All the available units of each type were tested and a mean reading of 3
irradiations was obtained in each case. Figure 2 illustrates the set-up for active dosemeters.



Figure 2. Example of the irradiation with and without lead layer for an APD

Regarding clinical protective garments, at the moment, lead is being replaced by either
composite lead or lead-free materials with other high atomic elements. These newer aprons are
categorised by manufacturers in terms of lead equivalent values. In order to investigate the
response of both passive and active dosemeters in these cases, for the RADOS TLD and the
Thermo Fisher Scientific MK2, the irradiations were repeated using the ISO phantom and two
types of commercial aprons (0.5 mm Pb equivalent): envirolite lead-free 1110 LF type apron
manufactured by ProtecX Medical Ltd (figure 3b) and XP/N80O type apron manufactured by
Agsa gomma S.R.L (figure 3¢). The exact chemical composition of the aprons was not provided
by the manufacturers. According to the available information, the ProtecX apron is composed of
75-85% heavy metal composites, not including lead, encapsulated in a vinyl resin and plasticiser
matrix, and it provides an attenuation on direct field of 99.3% at 70 kV and 97.6% at 90 kV.
The Agsa gomma is made with a layer of lead rubber material embedded in cotton fabric on one
side and water-proof material on the other side and it provides an attenuation of 99% at 80 kV
and 97% at 100 kV. In the following paragraphs the ProtecX apron will be referred as lead-free
apron and the Agsa gomma as lead-composite apron.

For this second test, six Rados TLDs and three measurements of two Thermo Fisher Sc. EPD
MK2 units are used for each set-up. Figure 3 illustrates the experimental set-up with real aprons
used in clinical practice.

Figure 3. Irradiation set-up using the passive and active detectors on ISO slab phantom (a), with
ProtecX apron (b) and with Agsa gomma apron (c).

2.3 Monte Carlo simulation

A LiF dosemeter was simulated using the MCNPX code version 2.6.0. (Pelowitz 2005) and
PENELOPE/PenEasy version 2015-05-30 (Salvat 2011; Sempau et al. 2011). The calculations
aimed at having a better understanding of the influence of the lead layer in the dosemeters’
response and the energy deposited at a detector situated in front of a 30x30x15 cm’® 4-element
ICRU slab phantom with and without lead. The energy deposition tally in PENELOPE and F6
tally in MCNPX were used for the simulations. The kerma approximation was considered for
the simulations due to the photon energy range of interest (Zankl et al. 2002, Daures et al.
2010). In the present work, a total of 10° photon histories were simulated in order to obtain



small calculation uncertainties. This number of simulations ensured that the relative statistical
uncertainty was less than 1%.

The radiation source was a uniformly distributed parallel square source of 30cm x 30cm (to
ensure the coverage of the whole front face of the slab). It is positioned at 5 cm distance from
the phantom in vacuum. The energy spectra studied were the S-Cs quality as reference energy
and the IEC 61267 RQR qualities from RQR 5 to RQR 9 because they are similar to the
radiation beams typically encountered in fluoroscopically guided interventional procedures. The
X-ray spectra were generated using the program XCOMPS (Nowotny and Hofer 1985) and the
X-ray tube parameters of the UPC irradiation facility used in the experiments (anode angle of
18° and 7 mm Be inherent filtration).

The TLD was simulated as a cylinder of LiF material, with diameter of 4.5 mm and 0.8 mm
thick, and 2.65 g-cm™ density, covered by a layer of 10 mm ICRU tissue to simulate the H,(10)
quantity. These dimensions correspond to one of the passive dosemeters tested. In order to
quantify the effect of the presence of the lead beneath the TLD, simulations are repeated with a
0.5-mm-thick lead layer between the detector and the slab phantom. Figure 4 illustrates the
geometry used in the simulations, PENELOPE view mode with lead layer.

ICRU Slab 0.5 mmPb
/

LiF TLD
Vacuum

10-mm-ICRU

Figure 4. Geometry used in the simulations with the lead layer between the detector and the
phantom.

MCNPX simulations were repeated for a lead layer of 0.25 mm and 0.35 mm, in order to
illustrate the validity of our study in the case of the use of thinner protection garments.

2.4 Statistical analysis

The statistical analysis was performed using the IBM SPSS Statistics version 25.0 software
package (IBM 2017). The statistical significance of the influence of the protective garment was
evaluated using an independent samples z-test. The significance level is set to 5%.

3. Results

3.1 Passive dosemeters

Table 4 summarises the responses of the 7 PDSs. Columns 2, 3 and 4 show the response of the
passive dosemeters. The response is defined as the ratio of the participant’s reported value
(Hp(10)phan) and the corresponding reference value (Hp(10)rr). Columns 5, 6 and 7 show the
influence of the lead layer in the dosemeters’ response, determined as the ratio of the dosemeter
reading with (Hy(10)p,) and without the 0.5-mm lead layer (Hp(10)phan). One of the services
which used TLD detectors underestimated the given dose by about 60 % - 40 % for X-ray
qualities and about 20 % for S-Cs when the dosemeter was situated above the lead apron. Their
results are not included in the last columns of Table 4, because the service recognised the fact



that their dosimetry algorithm failed to correctly identify the type of radiation field and thus
significantly underestimated the dose. The last row in Table 4 indicates the number of services,
N, used in the calculations. As indicated in session 2.1, all services provided measurements of
H,(0.07) but these data are not presented here since the behavior, as regards the influence of
protective materials, is analogous.

Table 4. Summary of the response of N dosimetry systems: mean, standard deviation,
maximum and minimum for *’Cs, RQR 9 and RQR 5. Comparison with the reference value,
Hy(10)rrand influence of the presence of a 0.5 mm Pb layer.

Hp(lO)phan/Hp(lO)ref Hp(lO)Pb/Hp(lo)phan
S-Cs RQRY9 RQR 5 S-Cs RQR 9 RQR 5
Mean 1.00 0.97 1.03 0.95 0.71 0.76
Sd 0.11 0.12 0.15 0.04 0.05 0.04
Max 1.15 1.13 1.24 1.02 0.75 0.81
Min 0.85 0.79 0.85 0.91 0.62 0.70
N 7 7 7 6 6 6

Table 5 shows the performance of the RADOS TLD when placed above a 0.5-mm lead layer
and above the two types of 0.5-mm lead equivalent protective aprons. The mean value and
standard deviation of the H,(10) ratio with and without absorber, and the number of
measurements for each set-up, n, are given in Table 5.

Table 5. Ratio of the RADOS TLD detector measurements when placed in front of a 0.5 mm
lead layer and in front of two types of 0.5-mm lead equivalent protective aprons and when
placed directly on the ISO slab phantom (mean value and standard deviation)

RADOS TLD n S-Cs ROQR 9 RQR 5
Hp(10)ps/Hp(10)phan 2 09 +00l 071 £00l 074 £0.01
Hy(10)pbseco/Hp(10)phan 6 099  +£0.01 090 +0.02 096 +0.02
Ho(10)pbcompy/Hp(10)pran 6 098  +0.02 075 +001 079 +0.01

3.2 Active dosemeters

Table 6 summarises the responses of the 8 APDs for the H,(10) quantity. Three of the APDs
also measure H,(0.07) but these data are not presented here since the behavior, as regards the
influence of protective materials, is analogous. The mean and standard deviation of the response
has been calculated for all ratios separately for each type of dosemeter.

Table 6. Response of the 8 tested APDs for H,(10) for S-Cs, RQR 5 and RQR 9 (mean value
and standard deviation)

Hy(10)apn/Hp(10)ret
Manufacturer Type # units S-Cs RQRY9 RQR 5
Atomex AT3509C 2 1.12  +0.02 148 +0.04 080 +£0.02

Dosilab EDM-III 3 1.03  +0.01 1.00  +0.01 0.87 =+£0.02
Mirion Technologies DMC2000XB 3 1.03 £0.01 1.11 +0.05 1.07 +£0.04
Mirion Technologies =~ DMC3000 3 1.01  £0.01 1.11 +0.01 1.14 +0.01
Polimaster PM1610A 1 096 +0.01 1.02 +£0.01 088 +£0.01
Polimaster PMI1621A 2 0.97 +0.01 126 +0.07 1.13 +£0.08
4

RaySafei2 RaySafei2 044 +0.03 1.04 +0.10 094 +£0.10



Thermo Fisher Sc. EPD Mk2 3 1.01 +£0.01 0.98 +0.01 099 +0.01

Table 7 presents the ratio of the APDs’ measurements when irradiated above the 0.5 mm lead
layer H,(10)p, and on the phantom, Hp(10)phan, for each type of APD. Table 8 summarises the
data from Tables 6 and 7, considering the 8 APDs together.

Table 7. Ratio of H,(10) measured over the protection H,(10)p, and on the phantom for S-Cs;
RQR 5 and RQR 9 (mean value and standard deviation).

Hp(lO)Pb/Hp(lO)phan
Manufacturer Type # units Cs-137 RQR 9 RQR 5
Atomtex AT3509C 2 095 +003 089 +0.02 094 £0.01

Dosilab EDM-III 3 1.05 +£0.02 098 +0.02 099 +0.01

Mirion DMC2000XB 4 094 +£0.02 091 +005 096 =+0.06

Mirion DMC3000 3 095 +£0.01 094 +0.01 099 =+£0.01

Polimaster PM1610A 1 095 £000 092 £0.02 099 +0.01

Polimaster PM1621A 2 095 £003 097 +£0.03 097 +0.02

RaySafei2 RaySafei2 4 098 +0.02 0.78 +£0.04 088 *0.05
3

Thermo Fisher Sc. MK2 095 +0.01 098 +£0.01 099 =+0.01

Table 8. Summary of the response of N APDs: mean, standard deviation, maximum and
minimum for S-Cs, RQR 9 and RQR 5. Comparison with the reference value, Hp(10).s, and
influence of the presence of a 0.5 mm Pb layer.

Hp(10)phan/ Hp(10)ret Hy(10)p/Hp(10)phan
S-Cs  RQR9 RQRS5 S-Cs RQR Y9 RQR 5
Mean 1.02 1.13 0.98 0.97 0.92 0.96
Sd 0.05 0.17 0.13 0.04 0.07 0.04
Max 1.12 1.48 1.14 1.05 0.98 0.99
Min 0.96 0.98 0.8 0.94 0.78 0.88
N 7* 8 8 8 8 8

* For S-Cs the Raysafe is not included in this analysis because it is outside the working range indicated
by the manufacturer.

Table 9 shows the performance of the Thermo Fisher Sc. EPD Mk2 when placed above a 0.5-
mm lead layer and the two types of 0.5-mm lead equivalent protective aprons. The mean value
and standard deviation of the H,(10) ratio with and without absorber, and the number of
measurements, n, for each set-up are given in Table 9.

Table 9. Ratio of the Thermo Fisher Sc. APD when placed in front of a 0.5 mm lead layer or in
front of two lead-free aprons and when placed directly on the ISO slab phantom (mean value
and standard deviation)

Thermo Fisher Sc. EPD MKk2 n S-Cs RQR 9 RQR 5
Hy(10)p/Hp(10)phan 9 0.95 +0.01 098 £0.01 0.99 +0.01
Hp(10)pp-tree/Hp(10)phan 6 0.97 +0.04 098 +£0.01 0.99 +0.03
Hy(10)pb-comp’Hp(10)phan 6 0.98 +0.01 099 +£0.01 0.99 +0.01




3.3 Monte Carlo simulation

Table 10 summarises the Monte Carlo simulation results. It shows the ratio of H,(10) above 0.5
mm lead layer and H,(10) on the phantom, H,(10)pr/Hp(10)phan, Obtained as the average of the
ratios from PENELOPE and MCNPX. The associated uncertainty of the mean of the ratios is
calculated as the difference between the two Monte Carlo results and divided by the mean
Hy(10)po/Hp(10)phan.

Table 10. Response of a simulated LiF TL detector when placed above a 0.5 mm Pb layer
(Hp(10)pp) or in front of an ICRU slab phantom.

S-Cs RQR 9 RQR 8 RQR7 RQR6 RQR5
High voltage (kV) 120 100 90 80 70
Mean energy (keV) 662 56 48 44 41 38
Hp(10)pr/Hp(10)phan 0.94 0.73 0.73 0.74 0.76 0.79
Uncertainty of the 37 2.1 1.7 11 0.4 0.2

mean (%) (k=1)

Calculations for thicknesses of 0.35 mm and 0.25 mm showed that the lead thickness influence
is less than 0.5% in all RQR qualities. In the case of S-Cs there is a variation of 1% and 1.7%,
respectively.

4. Discussion

Table 4 shows that all 7 selected passive dosimetry services present a good accuracy and
reproducibility for all tested radiation qualities, consistent within 2 standard deviations.
However, when situated in front of a lead layer, one of the services was not able to correctly
measure the dose, which highlights that some algorithms might have difficulties in this
situation. For the rest of the services, it was found that the influence of the lead layer was small
for *’Cs, in average 5% with a maximum underestimation of 9%, whereas, for the X-ray
qualities, all systems underestimated the dose within the range 19%-38%, in average 25%. The
largest underestimate was obtained for RQR 9. Similar behavior was found, independently from
the type of radiation sensor used (TLD, OSL, RPL or film). An independent samples t-test was
conducted to confirm the statistically significance of the observed behavior. It was confirmed
that the difference is not significant for S-Cs (t(10)=0.682, p = 0.511), but it is for RQR 9
(t(10)=4.397, p = 0.001) and RQR 5 (t(10)=3.369, p = 0.007).

Monte Carlo simulations confirm these results showing an underestimate of 21% for RQR 5 and
of 27% for RQR 9. There is also good agreement with the findings of Damet et al (2011) and
Saldariaga Vargas (2018). Damet et al (2011) concluded that the personal dose equivalent
measured with a Radpro dosemeter with TLD-100 detectors was underestimated by 20%-40%
for X-ray beam qualities used in radiology when dosemeters were placed over the personal
protection. Likewise, Saldariaga Vargas et al. (2018) found out, by means of Monte Carlo
calculations, that a LiF personal passive dosemeter would underestimate the dose by 17% to
37% in this energy range.

In the case of the tested protective garments (Table 5), it was observed that, for the lead
composite apron (figure 3c), the TL dosemeter measurements presented no significant
differences compared with the response in front of the 0.5 mm Pb layer: no changes for S-Cs
(p=0.145) and a reduction between 20%-25% for the X-ray qualities (p<0.001 for RQR 5 and



RQR 9). For the lead-free garment (figure 3b), the influence was much smaller, within 10% for
both X-ray qualities, as it was described by Damet et al. (2011). However, an independent
samples t-test shows a statistically significant difference between the mean value of the
response with and without garment for X-rays.

The tested APDs (Table 6) presented responses within 20%, except for the Raysafei? that
underestimate the dose by 56% for S-Cs and the Afomex AT3509C and the Polimaster
PM1621A that overestimate the dose by 26% and 48%, respectively, for the RQR 9 quality.
The influence of the lead layer in the APDs’ response is much smaller than for the passive
dosemeters. For most APDs the ratio of the response with or without lead layer is within 10%.
The only exceptions are found for the RaySafei? and for the Atomex AT3509C. For the
RaySafei2, the influence of the lead apron layer is of the same order than for passive
dosemeters, with a reduction of the measurement of 12% and 23%, for RQR 5 and RQR 9,
respectively. The Atomex AT3509C reduced its response around 11% for RQR 9. However, as
this dosemeter overestimated the dose for this quality, it can be considered that the measurement
over the apron is closer to the reference value.

Table 9 shows that the performance of the Thermo Fisher Sc. MK2 when placed above a 0.5
mm lead layer or in front of the two commercial lead equivalent aprons does not change
compared with when there is no protection. The differences are within 5% and within the
standard deviation of the measurement. It may be inferred that the rest of the APDs would
present analogous responses. These observations highlight the fact that APDs’ measurements
will not vary when they are worn above a lead-composite or a lead-free apron.

The good agreement on the dosemeters’ response above a lead layer and an equivalent lead
composite shows the representativeness of the presented results in practice. Moreover, the
Monte Carlo results show that, in the energy range of interest, an analogous behavior is
expected for lead thicknesses between 0.25 mm and 0.5 mm.

As discussed earlier, at present there is not a unique recommended double dosimetry algorithm
to estimate the effective dose, but, in most of them, the contribution to the effective dose of the
measurement with the unprotected dosemeter is less than 10% (Jarvinen 2008a), thus the
observed 20%-40% underestimation of the passive dosemeters will, in general, be negligible
from a radiation protection point of view in the calculation of the effective dose.

On the other hand, when the over-dosemeter measurement is used to estimate the lens of the
eye, the impact of the 20%-40% underestimation of the passive dosemeter can be of major
importance since the dose limits for the eye lens could be exceeded. Several studies highlight
the difficulties to correctly estimate the dose of the lens of the eye with a dosemeter that is not
situated close to the eyes in a non-homogeneous radiation field (Carinou et al. 2015, Principi et
al. 2015). The results of this study point out that in interventional radiology, if a protective
garment with lead is used, the effect of the underestimation of the passive dosemeter should be
taken into consideration. Additional studies are needed to confirm the influence of the
composition of the garments. To overcome the effect of the protection garments in the passive
dosemeters, Quintero-Quintero et al. (2018) propose a specific calibration procedure which
could be adapted to other dosemeters.

As described in the introduction, in practice, the equivalent dose to the lens of the eye is often
estimated using a whole body dosemeter calibrated in units of H,(10) situated above the
protection. However, even though such a measurement is used, the results of the eye lens
monitoring should be expressed in terms of the appropriate operational quantity, Hy(3).



5. Conclusion

When a dosemeter is worn above a protective apron, it is no longer measuring the quantity
H,(10) for which the dosemeter was type-tested. Part of the backscatter of the body will no
longer reach the dosemeter, and the backscattered spectra changes, e.g., lead aprons give rise to
characteristic X-rays of 72 and 75 keV.

Because of this, the personal dose equivalent measured with a passive dosemeter worn over a
lead apron is underestimated by 20%-40% in typical diagnostic X-ray energies. This is not the
case of active dosemeters, because they are designed so that they are less sensitive to the
backscatter radiation, and as such it does not make much difference if they are worn directly on
the body or on a protective apron. The Raysafei2 system is an exception in this respect.

From these results it can be concluded that when comparing passive and active dosemeters’
measurements worn above a protection in interventional radiology, a difference of 20%-40%
should be expected. Although for the moment active dosemeters are not yet much used in
hospitals, this is likely to increase in the future (Sanchez et al. 2010; Clairand et al 2011;
Struelens et al. 2011).

As regards the influence of the effect of the protection garment for the estimation of the
effective dose with a double dosimetry algorithm, it is shown that the effect is small from a
radiation protection point of view, 5% for passive dosemeters and negligible for APDs.
Nevertheless, since most of these algorithms were proposed before the ICRP 103 report was
published (ICRP 2007) and thus, use the old tissue weighting factors for the calculation of the
effective dose, it could be a good opportunity to propose new double dosimetry algorithms that
could also take into account the effect of the new types of protective garments.

The observed underestimation could however be of major importance in workplaces where eye
lens monitoring is based on the use of a dosemeter worn over a lead apron or a thyroid collar. In
this case, 20%-40% underestimation can make a significant difference. Since APDs do not
present this limitation their use could be encouraged not only to increase awareness of the
radiation risk and to help optimise the use of protection but also to prevent exceeding the dose
limit.
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