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Abstract Following the 2013/59/EURATOM Directive, the Italian 101/2020 Decree Law lowered the annual limit on the equiv-
alent dose to eye lens from 150 to 20 mSv for exposed workers, in order to limit the risk of radiation-induced cataract. Such a
drastic reduction makes it very important to perform accurate dose monitoring for medical staff that works with ionizing radiation
as interventional radiologists and cardiologists. The standard for occupational eye lens dosimetry consists into Hp(3) calibrated
dosimeters placed on physicians glasses, next to the eyes. However, this dosimetry system suffers calibration issues, and therefore,
the dose is usually extrapolated from extremity or whole body measurements, leading to low accuracy. Chips of thermoluminescent
dosimeters TLD-100 and dedicated Hp(3) calibrated dosimeters were placed over a plexiglas (PMMA) phantom to measure the
Entrance Surface Air Kerma (Ke) and the eye lens equivalent dose (H) to physician, respectively, during simulated interventional
radiology procedures. Values were all below the regulatory limit. Our results show that TLD-100’s response seems to be correlated
with Hp(3) according to the relationship Ke � F ×H, with an average factor F � 3.9 mGy/mSv, opening the possibility of using
both dosimeters for accurate radiation protection of exposed workers.

1 Introduction

Interventional radiology (IR) is a medical discipline that involves image guidance to perform diagnostic and therapeutic minimally
invasive procedures. Interventional techniques have developed extensively over the last decades due to continuous technological
progress that has enabled the rise of increasingly sophisticated and advanced medical imaging and fluoroscopy instrumentation and
is in rapid evolution [1–5]. The extensive use of imaging results in one of the practices with the highest exposure to ionizing radiation
for the physicians [6–9].

This category of workers is chronically exposed to ionizing radiation, which may lead to adverse damage or increased incidence
of neoplasia or cancer [10–14]. Following ICRP n.118 [15], there has been increased attention to the occupational exposures of
workers involved in these procedures: among the most significant new elements is the lowering of the cumulative dose threshold for
cataract induction from 0.5 Gy for fractionated and chronic exposures, to 2 Gy for acute exposures of the eye lens. These indications
together the lowering of the equivalent dose limit to the eye lens for exposed workers from 150 to 20 mSv/year were published by
Council Directive 2013/59/EURATOM [16]. In Italy, the directive has been transposed into 101/2020 Decree Law [17].

The results of radiobiological and epidemiological studies have shown that in interventional radiology workers the risk of cataracts
or brain damage has long been underestimated [18–22].

Cardiologists and interventional radiologists are among the professional workers most exposed to ionizing radiation, with a
significant dose contribution to the eye.

The eye and in particular the eye lens is one of the most radiosensitive human tissues [15], and the retina is at risk of suffering
serious damage induced by ionizing radiation [23].

Interest in the effects of ionizing radiations on workers is gradually increasing. Although knowledge of eye lens sensitivity has
been ongoing for decades, it was only in 2012 that the ICRP n.118 highlighted the real danger of such exposures [15]. However,
even though this issue is widely addressed both in regulatory and clinical terms, there is still little compliance on the part of workers
in implementing the proper radiation protection precautions and dosimetry protocols. Training about the danger to medical staff
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Table 1 Hp(3) calibrated
dosimeters specifications provided
by Tecnorad s.r.l. with TLD-100
specifications by Harshaw
Chemical Company. The acronym
ABS stands for Acrylonitrile
Butadiene Styrene

Features Hp(3) calibrated dosimeter TLD-100 chip

Material and number of detectors 3 LiF:Mg,Cu,P (GR-200A) 1 LiF:Mg,Ti (TLD-100)

Effective atomic number Zeff 8.2 8.2

Filtration 1 mm ABS None

Measured quantity Hp(3) � Equivalent dose at a 3 mm depth in
tissue (mSv)

R � TLD reading (µC or nC)

Response range in photon energy 13 keV to 3 MeV > 5 keV

Measurement dose range 20 µSv to 500 mSv 10 pGy to 10 Gy

Fading NA at room temperature 5% per year

related to use of ionizing radiations and the updating of legislative and regulatory statements are required to work in safe conditions
[24–26].

A fundamental and, sometimes, underestimated aspect is the technical difficulties related to personal dosimetry at the eye lens.
For the evaluation of the equivalent dose to the eye lens, the use of personal dosimeters calibrated in Hp(3) is recommended by ICRP
n.103 [19], i.e., which measure a value of absorbed dose at a depth of 3 mm, a value considered appropriate based on the morphology
of the eye [27, 28]. A limiting aspect of such dosimeters is the calibration. The usual method for the assessment of Hp(d) is based
on the measurement of kerma in air using dosimeters placed on phantom slab and the application of conversion coefficients [29,
30]. Due to these limitations, the dose is typically extrapolated from dosimeters calibrated in Hp(10) or extremity dosimeters using
conversion formulae which make the measurements poorly accurate [31, 32].

In this work, thermoluminescent dosimeters (TLDs) were used with Hp(3) calibrated dosimeters to perform measurements
in controlled IR procedures [33–36] simulating the worst scenario that is where no radiation protection devices are used during
exposures. The methodology involved the use of a Plexiglas phantom to simulate the operator’s head [37, 38]. Two different X-ray
beam qualities, clinically used for daily procedures, were employed for irradiations. Comparisons between the two dosimeters’
results were done with the purpose of finding correlation among the two systems.

2 Materials and methods

Hp(3) dosimeters were used to estimate the eye lens equivalent dose to the first operator in interventional radiology procedures.
TLD-100 chips were used as well to estimate the Entrance Surface Air Kerma (Ke) to eyes. Irradiations were performed at the
Interventional Radiology Department of Istituto Nazionale Tumori G. Pascale where interventional procedures were simulated on
phantoms by using a C-arm under-couch X-ray machine which is used daily.

2.1 Dosimetry system

Hp(3) calibrated dosimeters used for the experiments were LiF:Mg,Cu,P (MCP) provided by Tecnorad s.r.l. Readout was also
performed by Tecnorad s.r.l.

TLDs used in the study were Thermo Scientific™ LiF:Mg,Ti chips (3.2×3.2×0.89 mm3) provided by Harshaw Chemical
Company.

TLD analysis was performed with Thermo Scientific™ Harshaw TLD™ Model 3500 Manual Reader provided by Harshaw
Chemical Company. A pure (99.995%) nitrogen supply was equipped to the reader to suppress chemiluminescence signals not
related to irradiations. A 10 s pre-heating to 100 °C followed by a readout to 300 °C with a heating rate of 5 °C/s was used to
maximize the TL output [39]. The reading R was obtained by integrating the signal in the region 150–250 °C since the main peak
is around 195 °C.

Pre-irradiation annealing was performed with the TLD Annealing Oven “TLD Heat” provided by RadPro with a standard
procedure consisted into: 1 h heating at 400 °C, room temperature cooling, 2 h heating at 100°C and room temperature cooling [40,
41].

Characterization of dosimeters was made by evaluating each individual sensitivity factors and calibration factor for energies of
interest.

Table 1 illustrates the performance of both Hp(3) calibrated dosimeters and TLDs-100.

2.1.1 Sensitivity characterization

TLDs from a single batch were exposed to a uniform dose distribution of 2 Gy produced by a pair of opposing 6 MV photon beams.
Irradiations were performed with Elekta Synergy Linear Accelerator (Elekta Instrument AB Stockholm).
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Table 2 Artis Zeego Eco
angiography system technical
specifications by Siemens
Healthcare

Tube voltage 40 kV to 125 kV in 0.1 kV steps

Focal spot size 0.3 × 0.3mm2 0.6 × 0.6mm2 1 × 1mm2

Anode angle 12°

Inherent filtration 2.5 mm Al

Added filtration 0.1, 0.2, 0.3, 0.6, 0.9 mm Cu

Tube current 0.5 mA to 1000 mA in 0.01 mA steps

Pulse time 0.5 ms to 800 ms

Detector type and size Amorphous silicon flat detector with a 48 cm diagonal entrance plane

Detector resolution Matrix of 2480 × 1920 pixels with 154 µm pixel size

Each individual sensitivity factor Si was calculated as the ratio of the reading Ri and the arithmetic mean of all readings of the
batch R:

Si � Ri

R
(1)

2.1.2 Calibration

Dosimeters were calibrated to Cobalt-60 (Co-60) in terms of air kerma, and a correction factor was considered to take into account
the over-response of LiF:Mg,Ti to low energy X-rays relatively to Co-60 [42–45].

Calibration to Co-60 was performed at Istituto Superiore di Sanità (ISS) by irradiating TLDs with the Gammacell® 220 provided
by Atomic Energy of Canada Limited to dose values of 0.5 Gy, 1.5 Gy and 5 Gy. Moreover, a group of dosimeters from the same
batch were used to measure radiation background.

For each exposure, every reading value Ri was corrected using the corresponding sensitivity factor Si . The arithmetic mean of
the readings of background radiation RBG was evaluated and subtracted from each measure to obtain the net value for each TLD
Rnet
i :

Rnet
i � Ri

Si
− RBG (2)

For each group of dosimeter exposed to the same dose D, the arithmetic mean Rnet was calculated.
A graph of net reading vs dose was plotted, and through a linear fit, the calibration factor (CFCo-60) was evaluated as the slope

of the line.
TLD response was corrected according to the effective energy Eeff of the radiation spectrum to which dosimeters were exposed

using correction factors M(Eeff) calculated by Nunn et al. [43].

2.2 Exposures

Two exposures were performed in a controlled scenario using specific phantoms to simulate both the patient and the head of physician
in interventional radiology procedures. During the exposures, we kept the experimental setting unaltered to ensure the replicability.

The angiography room where the irradiations were performed is equipped with the Artis Zeego Eco angiography system by
Siemens Healthcare (Erlangen, Germany). System specifications are provided in Table 2.

2.2.1 Phantom

To simulate the operator’s head during the irradiation phases and thus, be able to position the dosimeters faithfully under operating
conditions, a PMMA phantom of 13×13×9 cm3 was used.

To place the phantom and the respective dosimeters correctly and reproducibly, references and positions were marked as showed
in Fig. 1a. According to the irradiation procedure, the dosimeters were placed on both right and left sides of the phantom to measure
the eye lens dose and the Ke to eyes as showed in Fig. 1b.

2.2.2 Irradiation set-up

Figure 2 shows the set-up used to simulate a real interventional radiology procedure.
Typically, the first operator (i.e., the physician performing the procedure) stands to the right of the supine patient.
The plexiglass phantom was used to simulate the physician’s head. The phantom was positioned at 150 cm from the ground.

We considered an average physician’s height of 170 cm as a reference, bent over the patient during the procedure; this choice was
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Fig. 1 Phantom detail and dosimeter positioning indication. The left side of the phantom is showed in transparency

Fig. 2 View from the side of the
experimental setup

Table 3 Technical parameters
automatically set by Angiography
system for both exposures

Exposure Tube voltage (kV) Tube current (mA) Added filtration (mm Cu) Pulse width (ms)

EXP#1 63 14 0.2 3.3

EXP#2 74 95 0.9 3.9

adopted as it was consistent with the operational requirements [46]. The phantom was placed at 66 cm from the beam axis, simulating
a typical distance of the first operator from the beam axis.

At last, to simulate the patient, an anthropomorphic phantom of the pelvis region was used.
In this study, we used a biliary drainage procedure as a reference. We set the source-to-image distance (SID) to 120 cm, the height

of the patient table to 90 cm and the field of view (FOV) to 42 cm.
The tube voltage, tube current, filtration, and pulse width [47] were automatically adjusted by the angiographic system according to

the patient’s anthropometric characteristics using Automatic Exposure Control (AEC) and CARE&CLEARE features; the parameters
are shown in Table 3.

Using postero-anterior (PA) X-ray tube angles, which is typical IR condition, two exposures with a 60 min total fluoroscopy time
were performed so that the dose was greater of the minimum detectable dose by both types of dosimeters. Keeping the X-ray tube
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Fig. 3 TLD calibration curve to
Co-60 with linear fit. R2 is the
square of Pearson correlation
coefficient. Error bars represent
the total uncertainty (k � 2) from
Table 4

Table 4 Measured net readings
for each dose point when TLDs
were calibrated to Cobalt-60.
Relative uncertainties on readings
are expressed in Table 4

D (Gy) Rnet (µC)

0.5 1.908

1.5 5.818

5 20.92

Table 5 Uncertainty analysis for
TLD calibration to Co-60

Uncertainty source Type A (%) Type B (%)

TLD Reproducibility 0.60

Air-kerma rate determination 1.43

TLD positioning 0.10

PMT linearity correction 1.10

Field uniformity 0.10

Reader stability 0.01

Combined 0.60 1.81

Total (k � 1) 1.91

Expanded (k � 2) 3.82

angles, and operator position unchanged, we modified the patient characteristic adding tissue-equivalent thickness, thus obtaining
two different voltage and added filtration values, as reported in Table 3.

3 Results and discussions

Results regarding TLD’s characterization will be presented as well as dose measurements from simulated interventional radiology
procedures.

3.1 TLD-100 sensitivity and calibration

TLD’s sensitivity factors Si ranged between 0.86 and 1.01, and therefore, no dosimeter was rejected following the methodology
proposed by Plato and Miklos [48].

Figure 3 shows the calibration curve obtained for Co-60 with the measured net readings as function of dose provided in Table
4. Uncertainty analysis for calibration is showed in Table 5: TLD reproducibility, air-kerma rate determination, TLD positioning,
photomultiplier tube (PMT) linearity correction, field uniformity and reader stability were considered. The TLD reproducibility type
A uncertainty was estimated as the percent standard deviation of the mean of all TLD readings used for calibration. Uncertainty in air-
kerma rate has been previously estimated by the use of secondary standard dosimetry performed at ISS [49]. The supralinearity index
was calculated to take into account the uncertainty contribution for PMT linearity correction [50, 51]. Reader stability uncertainty
was considered negligible and assumed to be included in TLD reproducibility [52, 53]. Expanded uncertainty, u, is obtained by
multiplying total standard uncertainty with a coverage factor k � 2 for a confidence level of 95.5%.

The CF for Co-60 resulted in
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Table 6 Cumulative eye lens H
and Hyear estimated with Hp(3)
calibrated dosimeters and Ke and
Ke, year to eyes estimated with
TLDs-100 in EXP#1 and EXP#2.
Relative expanded uncertainties
on TLD-100 measurements are
u � 10%

EXP#1 EXP#2

Hp(3) calibrated dosimeter position H (mSv) Hyear(mSv) H (mSv) Hyear(mSv)

Left 0.11 8.3 0.22 17

Right 0.09 6.8 0.12 9.0

TLD-100 position Ke (mGy) Ke,year (mGy) Ke (mGy) Ke,year (mGy)

Left 0.40 30 0.79 59

Right 0.36 27 0.55 41

CFCo−60 � (4.25 ± 0.16)
µC

Gy

In order to use TLD-100 for dose measurements, an energy correction factor M(Eeff ) was used to take into account the over-
response of LiF:Mg,Ti to lower radiation effective energies. More specifically the absorbed dose Ke, i from the i-th dosimeter for
IR procedures was calculated as

Ke,i � Ri

Si · CFCo−60 · M(Eeff )
(3)

The effective energy of radiation spectrum used for exposures was computed with TASMICS spreadsheet [54]. For EXP#1, the
effective energy resulted in Eeff � 40 keV, and for EXP#2, it resulted in Eeff � 54 keV. Therefore, the energy correction factors
calculated by Nunn et al. [43] used for the two energies were M(40 keV) � 1.313 and M(54 keV) � 1.279. Both factors are
calculated with expanded uncertainty u � 3% (k � 2).

3.2 Dose measurements from exposures

For each exposure 2 TLD-100 and 1 Hp(3) dosimeters were used to estimate the dose for each side of phantom, that is for right and
left eye lens.

For TLDs-100, the arithmetic mean of the 2 measures was calculated obtaining the average Entrance Surface Air Kerma Ke [55,
56]. Comparisons were made with equivalent dose H measured by Hp(3) calibrated dosimeters.

In order to estimate the equivalent dose per year, the measured values (both from Hp(3) calibrated dosimeters and TLDs-100)
were rescaled considering an average time of each IR procedure of 9 min with a total operation number of 500 per year [57].
According to the workload of IR department in our institution, we can therefore estimate the annual equivalent dose per physician,
i.e., for a total operation time of 4500 min:

Hyear � H · 4500

60
and Ke,year � Ke · 4500

60
(4)

Results are presented in Table 5.
Uncertainties over TLD-100 measurements were evaluated by considering reproducibility of dosimeters placed on the same

side, PMT linearity correction and reader stability for the reading value Ri/Si; uncertainty obtained from calibration to Co-60; and
uncertainty on the energy correction factor leading for both exposures to relative expanded uncertainties u � 10% expressed with
one significant figure given the low number of measurements (Table 6).

The measured values reveal a difference in exposure in relation to the position of the operator; according to the experimental
evidence attributed to the position of the operator [58], the left eye is more exposed than the right eye for physicians working on the
right side of the supine patient [59, 60].

The dose values to the eye lens for the first operator strongly depend on the energies used in clinical practice. The dose value to
the lens for the most exposed eye almost doubles by increasing voltage and added filtration.

These values agree with the evidence reported in the literature within estimated uncertainties [61–64].
By analyzing the values recorded by the dosimeters calibrated in Hp(3) against the current limits introduced by the 101/2020

Decree Law [17], it is possible to conclude that in both exposures the first operator is exposed to dose values below the annual limit
of 20 mSv, with a value recorded in the left eye, for EXP#2, that is only 3 mSv/year below the regulatory limit.

Comparing to a previous dosimetric study performed in our institute at the same IR department but with a different C-arm X-ray
machine [65], it can be noticed how using highly filtered beams with automatic tube potential reduction allows to deliver drastically
lower doses to first worker [66, 67].
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Table 7 F values for EXP#1 and
EXP#2 for both left and right
sides. Relative uncertainties are
u � 10%

EXP#1 EXP#2

Phantom side F(mGy/mSv) F(mGy/mSv)

Left 3.6 3.5

Right 4.0 4.6

However, despite this improvement, it appears essential to reduce the risk related to radiation exposure, for example by imple-
menting radiation protection training programs and by stimulating the use of devices for radiation protections as leaded glasses or
ceiling-suspended screens [68–71].

A comparison of the values recorded by the TLD-100 and Hp(3) calibrated dosimeters shows the possibility of introducing a
correlation factor between the cumulative dose to the lens and the entrance surface equivalent dose to eyes.

The correlation was evaluated through the coefficient:

F � Ke

H
(5)

Obtained F values are presented in Table 7.
We measured an average value of 3.8 mGy/mSv, for EXP#1 and an average of 4.1 mGy/mSv for EXP#2.
Different studies have investigated a correlation factor between the dose to the eye lens and dose values recorded by whole body

or extremities calibrated dosimeters. Meijer et al. [72] found a correlation factor between the dose to the eye lens and cumulative
surface dose on the body dosimeter described by the equation Hp(3) � 0.25 · Hp(0.07), in agreement with results presented in this
study where an average factor F � 3.9 mGy

mSv → 1/F � 0.26 mSv
mGy relates different dosimetry measurements to eye.

A wide variation of correlation factors can be found in the literature; as summarized in the Meijer et al. previously cited study,
reported correlation factors were in the range 0.33–1.68 according to methodology (in phantom or in vivo studies), dosimeters
arrangement and proprieties [72].

The introduction of a correlation factor allows to evaluate the eye lens dose by estimating its value based on the value recorded
by a TLD-100 dosimeter positioned near eyes. This might solve the issue of using Hp(3) dosimeters, which suffer calibration issues,
i.e., no regulatory standards for calibration [73].

Exposures should be repeated and replicated using a wider range of energies, which are consistent with those used in clinical
practice, in order to find a reliable correlation between dosimeters calibrated in Hp(3) and TLD-100 crystals.

4 Conclusions

This preliminary study investigated the possibility of using a water-equivalent plexiglass phantom to perform radiation protection

estimates in IR procedures. Our results show that TLD-100’s response in terms of Hp(3) seems to be Ke(mGy) � 3.9
(

mGy
mSv

)
×

H (mSv). This opens the opportunity of performing more studies by using LiF:Mg,Ti crystals which, unlike Hp(3) calibrated
dosimeters, are easy to calibrate and to use for exposures to low energy radiation.

In addition, our measured values are in agreement with ones published in the literature proving the effectiveness of phantom
measurements.

Even if dose measurements are below the regulatory limits, they emphasize the need of high-quality training about radiation
protection and use of collective and individual protection devices in order to guarantee that occupational dose limits are respected
and therefore, to assess the safety of exposed workers.

However, more studies will be carried out with the purpose of characterizing TLD-100 response for phantom measurements in IR
procedures and the relationship between entrance surface air kerma to eye and lens dose measured by Hp(3) calibrated dosimeters
will be studied in detail.
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