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Purpose: To analyse the correlations between the eye lens dose estimates performed with dosimeters
placed next to the eyes of paediatric interventional cardiologists working with a biplane system, the per-
sonal dose equivalent measured on the thorax and the patient dose.
Methods: The eye lens dose was estimated in terms of Hp(0.07) on a monthly basis, placing optically stim-
ulated luminescence dosimeters (OSLDs) on goggles. The Hp(0.07) personal dose equivalent was mea-
sured over aprons with whole-body OSLDs. Data on patient dose as recorded by the kerma-area
product (PKA) were collected using an automatic dose management system. The 2 paediatric cardiologists
working in the facility were involved in the study, and 222 interventions in a 1-year period were evalu-
ated. The ceiling-suspended screen was often disregarded during interventions.
Results: The annual eye lens doses estimated on goggles were 4.13 ± 0.93 and 4.98 ± 1.28 mSv. Over the
aprons, the doses obtained were 10.83 ± 0.99 and 11.97 ± 1.44 mSv. The correlation between the goggles
and the apron dose was R2 = 0.89, with a ratio of 0.38. The correlation with the patient dose was R2 = 0.40,
with a ratio of 1.79 lSv Gy�1 cm�2. The dose per procedure obtained over the aprons was 102 ± 16 lSv,
and on goggles 40 ± 9 lSv. The eye lens dose normalized to PKA was 2.21 ± 0.58 lSv Gy�1 cm�2.
Conclusions: Measurements of personal dose equivalent over the paediatric cardiologist’s apron are use-
ful to estimate eye lens dose levels if no radiation protection devices are typically used.

� 2017 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Interventional cardiology (IC) is a medical speciality with high
exposure to ionising radiation, both for patients and staff [1].
Although these procedures are minimally invasive and offer advan-
tages over surgery for certain diseases, the development of new
practices has led to an increased number and complexity of proce-
dures in recent years, subjecting patients and operators to higher
radiation doses than those encountered in general radiology [2].
There is increased interest in occupational doses to the profession-
als involved in these procedures since the April 2011 International
Commission on Radiological Protection (ICRP) statement [3], which
is covered by the new 2013/59 Euratom directive of December 5,
2013 [4]. This new European directive reduces the equivalent dose
limit for the eye lens in planned occupational exposure situations
from 150 to 20 mSv per year, averaged over 5-year periods, such
that doses of 50 mSv in a single year are not exceeded. This limit
can be exceeded if radiation protection measures are not used in
procedures performed on adult patients [5–7]. In paediatric IC,
lower doses to child patients than to adult patients have recently
been reported [8–10]; thus, lower doses in the exposed practition-
ers’ eye lenses are expected, although longer interventions are typ-
ically observed and protective ceiling-suspended screens are often
not used [12]. Although literature detailing the operational impli-
cations of applying this limit in paediatric patients is scarce, inter-
est is growing [11,13,14].

Various dosimetric methods for estimating the dose to the lens
are available, from personal dosimeters placed over the lead apron
[15] to thermoluminescent dosimeters located at eye level [16].
Recent efforts have been made to evaluate various approaches to
properly estimating the eye lens dose during interventional proce-
dures, analysing the influence of both the type and position of the
dosimeter [17]. Likewise, the use of optically stimulated lumines-
cence dosimeters (OSLDs) to monitor eye lens doses in the inter-
ventional environment is currently under analysis [13,18,19].
r�t�u�a�l� �f�r�o�m� �C�l�i�n�i�c�a�l�K�e�y�.�c�o�m� �b�y� �E�l�s�e�v�i�e�r� �o�n� �M�a�y� �1�3�,� �2�0�2�0�.
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OSLDs have the advantage of high sensitivity, rapid readings and
the ability to read the absorbed dose multiple times [20,21], fea-
tures very useful for a medical physics department. Moreover, their
high dependence on energy in the radiology range can be corrected
[21] and its uncertainty taken into account [13,19]. In terms of pae-
diatric IC eye lens dose measurements, some of these features
(such as high sensitivity) might be particularly useful because pae-
diatric patients present high morphological variability, with gener-
ally smaller thicknesses than adults, and these procedures are
performed using equipment adjusted to low-dose rates [22,23].

To monitor the eye lens dose, the recommended operational
quantity is Hp(3) [24,25], although there are currently no available
conversion coefficients in international standards, and dosimeters
designed for Hp(3) are not widely available [26]. A number of
authors have recently attempted to provide air kerma-to-Hp(3)
conversion coefficients for RQR radiation qualities, typical for IC
[27]. However, other authors have suggested that Hp(0.07) is suffi-
ciently reliable for the photon energy involved in radiology and IC
[18,26,28–30].

To assess the dose levels to the lens of the eye in paediatric IC
prior to routine monitoring [30], a correlation study was per-
formed comparing the eye lens dose estimations performed in
terms of Hp(0.07) with nanoDot OSLDs placed next to the eyes of
the only two paediatric interventional cardiologists working with
a biplane system in the facility and the Hp(0.07) personal dose
equivalent measured with whole body InLight OSLDs on the tho-
rax, over the left side of their lead aprons. Moreover, the relation-
ship between the dose to the cardiologists’ lenses and the patient
dose, in terms of kerma-area product (PKA) [31], was also analysed.
The measurements were performed during interventions, on a
monthly basis, from March 2014 to February 2015. Because the
paediatric patients are usually small-sized and the procedures
are complex, the use of a ceiling-suspended screen is often uncom-
fortable for correct work and is frequently disregarded. On the
other hand, the nanoDots were placed on the external side of the
cardiologists’ lead goggles to hold them tightly in the vicinity of
the left eye. Therefore, in this survey, no radiation protection
devices were usually considered.
3

2. Materials and methods

2.1. Dosimeters, detectors and X-ray equipment

The dosimetry equipment used in this study consisted of a set of
photo-luminescent crystal dosimeters called screened nanoDots
(Landauer Inc1, IL, USA), an OSL reader (MicroStar, Landauer Inc.),
an automatic annealer (InLight Annealer, Landauer Inc.) and an
external PC with custom software. The nanoDots are composed of
an active material (Al2O3:C) measuring 4 mm in diameter and
0.3 mm thick, and they are covered with a 10 � 10 � 2 mm3 light-
proof (when closed) plastic casing. InLight whole body OSLDs were
also used in this study to obtain the personal dose equivalent over
the aprons. InLight dosimeters are built with an 83 � 35 � 15 mm3

case, with metal and plastic filters, and a 4-position Al2O3:C detector
slide component.

Prior to the eye lens dose measurements, the nanoDot dosime-
try system was validated with irradiations performed using a gen-
eral radiography unit (Digital Diagnost, Philips Healthcare) and a
flat ionisation chamber (model 10x5-60) with a Radcal 9015
radiation meter (Radcal2, CA, USA). The ionisation chamber was cal-
ibrated by official calibration laboratories, and had an energy depen-
dence lower than 5% for the energy range employed. The in-room IC
1 http://www.landauer.com.
2 http://www.radcal.com.
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equipment was a Siemens Artis Zee VC14 biplane angiographic X-ray
system, equipped with two 100-kW generators at 125 kV and 2 flat
amorphous silicon detectors with caesium-iodide scintillators. The
tube was a Megalix CAT Plus model (Siemens), tri-focus (0.3, 0.6
and 1 mm), with a 12.5� tungsten-rhenium anode and a 2.5 mm Al
inherent filtration. This equipment typically uses the Cardio 3040
Siemens protocol, with 3 fluoroscopic modes (high-dose fluoroscopy
FL3040+, normal fluoroscopy FL3040 and low-dose fluoroscopy
Fl3040�), and acquisition or cine (LV3040). A rotational 3-D acquisi-
tion or cone-beam computed tomography (CBCT) is also used (with a
cardiac diagnostic protocol 5sDRc and a low-dose protocol 5sDR-L).
The default fluoroscopy mode is 10 pulses per second (ps�1),
although the two cardiologists (who are trained and certified in radi-
ological protection according to national regulations) routinely use
3 ps�1 to reduce the patient dose when image quality is not a con-
cern. In cine mode, the default configuration is 30 frames per second
(fs�1), which is routinely used. The CBCT acquisition is performed
with 26.6 fs�1 and a 5-s acquisition time. The characteristics of the
evaluated X-ray beams were measured using a beam analyser detec-
tor calibrated for the energy under consideration (Unfors RaySafe Xi
Base Unit and R/F detector3). The beam analyser has an uncertainty
in half-value layer (HVL) measurements of less than 10% for the
energy range employed. To collect all the workload data, including
the PKA values of both planes to study the correlation between
patient and staff eye lens dose, the automatic dose management
software CareAnalytics (Siemens) was used.

2.2. Dosimetry system validation, reading process and calibration

Prior to the measurement process, various tests were performed
to validate the OSL dosimetric system: reproducibility, linear dose-
response, signal depletion from readouts and lower detection limit.
The first 3 tests were performed according to Al-Senan’s procedure
[21]. The lower detection limit (LD) was obtained according to Son-
der et al. [32]. Dosimeter reproducibility was found to be between
0.8% and 1.3%, and good linearity between the nanoDot response
and the ionisation chamber dose was obtained, with R2 higher than
0.99 ðp < 0:05Þ. The correction factor d for decrease of signal per
readout was found to be 0.995 ± 0.002. The lower detection limit
in terms of Hp(0.07) was found to be 16 lSv. Lastly, and as part
of the MicroStar reader’s quality control (QC) procedure,4 the read-
er’s stability was tested every day before measurements, analysing
the response of the photomultiplier tube after undergoing a stimulus
from a set of light-emitting diodes, and with no stimulus present.
The reader was considered stable if no response exceeded the corre-
sponding mean and variance control limits [33,34].

The reading process consists of 5 successive readings, correcting
each reading by the corresponding signal depletion f d. The average
of the last 4 readings was considered the best estimate of the
cumulative counts in the dosimeter, and uncertainties in type A
(due to the dispersion of the readings) and type B (due to the res-
olution and stability of the reader) were taken into account [35].
The best estimate of the counts obtained during a single irradia-
tion, C, was considered to be the average counts after the exposure
minus the average residual counts remaining after the annealing.

The system was calibrated in terms of kerma and Hp(0.07), using
15 pre-irradiated nanoDots provided by the manufacturer, exposed
to 5 air-kerma levels: 0 (unexposed), 3.37, 20.27, 337.83 and
675.67 mGy (uncertainty in the irradiation of 5%, coverage factor
k = 2). The beam quality used was RQR6 [36] (80 kVp, average
energy 44 keV and HVL of 3.01 mm Al). The microStar reader
http://www.raysafe.com.
4 N. T. Ranger (2012) microStar Reader Quality Assurance Programme. http://so-

lutions.landauer.com/images/site/microstar/documents/microstar-quality-assur-
ance-presentation.pdf.
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n. Copyright ©2020. Elsevier Inc. All rights reserved.
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Table 1
Reader calibration coefficients for RQR6.

Calibration ND;Q0 (mGy(mSv)/counts) DND;Q0 (%)

kerma (mGy) (1.41 ± 0.03) � 10�4 2
Hp(0.07) (mSv) (2.13 ± 0.04) � 10�4 2

Table 2
Beam modality specifications.

FL 3040 LV 3040

kVp 65 73
mA 50 17
mm Cu 0.6 0
_Ka;i;rp (mGy/min) 1 28

HVL (mm Al) 6.11 2.55
Eeff (keV) 47 32
E (keV) 50 44
FOV (cm) 32 32
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employs 2 calibrations: low and high dose. The LED beam operates
in high-power mode for low doses and in low-power mode for high
doses. Readings in this study were performed exclusively in the
low-dose mode. The calibration coefficients, obtained in terms of
kerma and Hp(0.07), for the beam quality RQR6 are shown in
Table 1. The calibration QC was performed using a different set
of QC dosimeters provided by the manufacturer, according to the
manufacturer’s instructions.5 Discrepancies with nominal doses of
the QC calibration dosimeters were found to be approximately 1%
in both kerma and Hp(0.07) calibrations.

2.3. Equivalent eye lens dose expression

For the measurements performed during interventions on car-
diologists’ goggles, the Hp(0.07) derived from the nanoDots
dosimeters was calculated using the following expression:

Hpð0:07Þ ¼ CND;Q0SkQ ;Q0ka; ð1Þ
where C are the accumulated counts obtained in the reading pro-
cess; ND;Q0 is the calibration coefficient in terms of Hp(0.07)
obtained with an RQR6 quality beam; and S is the sensitivity correc-
tion factor of each screened nanoDot (provided by the manufac-
turer), with a nominal uncertainty of 2%. Finally, kQ ;Q0 and ka are,
respectively, the dosimeter’s beam quality and angular response
correction factors. The estimation of both factors and the evaluation
of its uncertainties will be explained in detail in the following sec-
tion. The uncertainty of the calibration coefficient was obtained by
error propagation through the uncertainty of the irradiation of the
calibrating dosimeters and the DCi readout uncertainties obtained
in the calibrating process. The final Hp(0.07) uncertainty was
obtained by error propagation in expression (1).

2.4. Angular and energy dependence analysis

Considering that the eye lens dosimeters were located on the
external left side and in the centre of the cardiologists’ goggles, it
was difficult to determine the most probable angle of irradiation
for all the procedures. Furthermore, the geometry (and energy) of
the field of scattered radiation changed with time in each proce-
dure. Therefore, we corrected for angularity by applying a correc-
tion factor that was the mean of the maximum and minimum
response of the dosimeter, depending on the relative irradiation
angle, for the image modalities typically employed by the paedi-
atric cardiologists: the Cardio 3040 protocol, normal fluoroscopy
(FL3040) and cine (LV3040). The setup of these measurements
was as follows. As scatter, a 20 � 20 � 12 cm3 polymethyl-
methacrylate (PMMA) slab was used. The table height was
103 cm, and the focus-detector distance was 95 cm in plane A.
The detector-PMMA distance was 10 cm, and a 32-cm field of view
(FOV) was selected. In normal fluoroscopy, the cardiologists typi-
cally used 3 ps�1, although to optimise the time, 30 ps�1 was cho-
sen. For LV3040 acquisition, 30 fs�1 was selected. Beam modality
specifications corresponding to that experimental setup are shown
in Table 2. The nominal kilovoltage peak (kVp), current (mA), auto-
matic filter (mm Cu) and focus displayed by the equipment are
5 Clifford J. Yahnke, Ph.D. Director of Technology (2009) Calibrating the microStar
(http://www.landauer.com).
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shown. Nominal fluoroscopy and cine incident air kerma in refer-
ence point rates _Ka;i;rp (mGy/min) [31] are also reported. HVL was
measured with the beam analyser detector on the PMMA slab, out-
side the sensitive region of the flat panel (�60% of the whole area).
The effective photon energy Eeff (keV) for every beam quality was
estimated using the experimental HVL values and the correspond-
ing mass attenuation coefficients for aluminium [37]. Mean photon
energies E (keV) were estimated using the spectrum calculator
SPEKTR [38]. No collimation was used during these measurements.

To assess the maximum angular dependence of the nanoDots in
the field of scattered radiation for the energies considered, 12
nanoDots were placed over the table in front of the
20 � 20 � 12 cm3 PMMA slab at a distance of 80 cm and simulta-
neously irradiated, varying the position by 90� in each spatial
direction by placing them on the faces of a box (see Fig. 1). An addi-
tional angle of 45� was used for consistency purposes. The ka fac-
tors were obtained by comparing the dosimeter response in the
reference orientation with the responses in the angled orienta-
tions. In the calculation of the uncertainty of this factor, a uniform
distribution was considered.

As with the angular dependence analysis, significant variability
in the scattered radiation field energy in interventional procedures
was expected (changes in kV and added filtering in both tubes).
Thus it was difficult to precisely define the most probable beam
quality during interventions. Therefore, as with the angular depen-
dence, we corrected for energy by averaging the maximum and
minimum of the energy correction factors presented in a white
paper by the manufacturer, Landauer Inc. [40], for the energy range
considered. These factors were obtained through the relative
response of nanoDots to RQR6 beam quality (Fig. 2). The exponen-
tial fit of the energy response is shown in the next equation:

Response ¼ exp aþcxþex2

1þbxþdx2þfx3

h i

x ¼ Mean erery ðkeVÞ
a ¼ �0:599
b ¼ �0:020
c ¼ 0:026
d ¼ 2:44e� 04
e ¼ �2:44e� 04
f ¼ �6:7e� 08

ð2Þ

In this study, mean energies were considered from 29 keV,
which can correspond to low kV acquisitions used in paediatric
patients, up to 65 keV, which is typical of heavily filtered beams
of low fluoroscopy [18]. Moreover, the low energy limit of 29 keV
can correspond to RQR2 quality beams (40 kVp, 28.4 keV,
1.42 mm Al), and the upper energy limit to RQR10 (150 kVp,
64.3 keV, 6.57 mm Al) [36]. Thus, the average of the maximum
and minimum energy correction factors obtained between
29 keV and 65 keV was considered. In the calculation of the uncer-
tainty of the resultant beam quality correction factor, a uniform
distribution was considered.
�r�Ã�­�a� �d�e� �S�a�n�i�d�a�d� �d�e� �M�a�d�r�i�d� �â ¬ �� �B�i�b�l�i�o�t�e�c�a� �V�i�r�t�u�a�l� �f�r�o�m� �C�l�i�n�i�c�a�l�K�e�y�.�c�o�m� �b�y� �E�l�s�e�v�i�e�r� �o�n� �M�a�y� �1�3�,� �2�0�2�0�.
opyright ©2020. Elsevier Inc. All rights reserved.
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(a) Cartesian coordinate system
on the nanoDot. (X, Y) axes
define the angles (α, β), and Z
the irradiation direction. Three
dosimeters for each position were
used.

(b) The nanoDots placed on
three faces of a box were irra-
diated simultaneously. The ad-
ditional angle of β=-45 were ap-
plied turning the box to the de-
sired angulation.

Fig. 1. Geometry used to assess the maximum angular dependence of the nanoDots.

Fig. 2. The nanoDot energy response to RQR6 on 30 � 30 � 15 acrylic phantom. The inverse of the relative response is the energy correction factor kQ ;Q0 .
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Finally, the minimum nanoDot signal with respect to the nor-
mal incidence was observed in fluoroscopy, with its edge oriented
towards the scatter (90�), and was found to be 0.82 ± 0.03. There-
fore, the corresponding maximum angular correction factor was
1.22 ± 0.02. On the other hand, the minimum and maximum
energy correction factors given by the manufacturer, between
29 keV and 65 keV, was 0.97 and 1.12, respectively. Thus, the aver-
age of the maximum and minimum energy and angularity correc-
tion factors was taken into account, and a uniform distribution was
considered to obtain its uncertainties. In Table 3, the resulting
angular and energy correction factors to the dose used in the eye
lens dose estimations are shown.
Table 3
Energy and angular correction factors to the eye lens dose.

Energy correction factor Angular correction factor

kQ ;Q0
D kQ ;Q0

ka D ka
1.05 ± 0.04 4% 1.11 ± 0.07 7%
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2.5. Eye lens dose estimates during interventions

The eye lens dose, in terms of Hp(0.07), was estimated with
nanoDot point dosimeters placed on the external side of the cardi-
ologists’ goggles during every diagnostic and therapeutic proce-
dure performed over a 1-year period (from March 2014 to
February 2015). The measurements were performed on a monthly
basis: cardiologist 1 performed 109 procedures, and cardiologist 2
performed 113. Cardiologist 1 is approximately 180 cm tall and is
relatively inexperienced (no more than 2 years). Cardiologist 2 is
approximately 165 cm tall and is more experienced (over
20 years). The estimates of the eye lens dose were performed by
placing 2 nanoDots on the external left side of the cardiologists’
goggles and at the centre (Fig. 3). These 2 measurements (external
left side and centre) were considered the bound values of the real
left eye lens dose, and the mean the closest value, if the protection
of the lead goggles is not taken into account. To obtain the uncer-
tainty, a triangular distribution of these 2 measurements was con-
sidered, because there is reason to expect that the eye lens dose
values within but close to the bounds are less likely than those
nearer the centre of the bounds [35]. The quadratic sum of the
e�j�e�r�Ã�­�a� �d�e� �S�a�n�i�d�a�d� �d�e� �M�a�d�r�i�d� �â ¬ �� �B�i�b�l�i�o�t�e�c�a� �V�i�r�t�u�a�l� �f�r�o�m� �C�l�i�n�i�c�a�l�K�e�y�.�c�o�m� �b�y� �E�l�s�e�v�i�e�r� �o�n� �M�a�y� �1�3�,� �2�0�2�0�.
n. Copyright ©2020. Elsevier Inc. All rights reserved.



Fig. 3. OSLDs placed on the cardiologist’s goggles, two on the external left side and
two in the centre.
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uncertainties of the two measurements was added as another type
B uncertainty component to reflect the fact that the triangular dis-
tribution is not exact, because the bound values have its own
uncertainty.
2.6. Correlations between eye lens dose estimates, personal dose
equivalent over the aprons and patient dose

Simultaneously with the nanoDots, a personal whole body
InLight dosimeter was placed on the thorax, over the left side of
the cardiologists’ lead aprons, in order to determine the correlation
between the Hp(0.07) personal dose equivalent and the left eye
lens dose estimates. Readings were also made on a monthly basis,
and the doses were compared. In the comparisons, the square of
the Pearson coefficient was used.
(a) For cardiologist 1, the correlation
between the eye lens dose estimates
performed on the goggles and the per-
sonal dose equivalent measured at the
left of the thorax on the lead apron,
both in terms of Hp(0.07).

Fig. 4. Results by cardiologist of the correlation between the eye lens dose
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To study the correlation between the estimate of the cardiolo-
gists’ eye lens dose and the dose to the patient, PKA readings using
CareAnalitycs were also performed on a monthly basis, including
both cardiologists. The square of the Pearson coefficient was
obtained in the comparisons. The PKA meter was verified in situ
using the calibrated ionisation chamber [41], and the values were
corrected using the appropriate measured calibration factors to
take into account the radiation attenuation by the table and mat-
tress when Plane A was used. Calibration coefficients varied by
±15%, with an uncertainty of less than 2%.

To compare the annual eye lens dose levels obtained with nano-
Dots and through the correlations with the personal dose equiva-
lent and patient exposure, the uncertainties of the linear slopes
and the Pearson coefficients were calculated using the Bootstrap
method [39].
3. Results

3.1. Correlation studies

In Fig. 4(a), the correlations between the eye lens dose esti-
mates in terms of Hp(0.07) measured on the goggles (average of
centre and left side measurements), and the Hp(0.07) personal dose
equivalent over the apron, on the left side of the thorax, is shown
for cardiologist 1. In Fig. 4(b), the result is shown for cardiologist 2.
For cardiologist 1, 10 readings made on a monthly basis were used;
and 11 readings were used for cardiologist 2. The correlation for
cardiologist 1 was R2 = 0.88, and the ratio between the doses was
0.33. For cardiologist 2, the correlation was R2 = 0.91, and the ratio
between the doses was 0.40.

In Fig. 5(a), the correlations between the eye lens dose esti-
mates, in terms of Hp(0.07) measured on the goggles (average of
centre and left side measurements), and the dose to the patients
obtained in terms of PKA, is shown for cardiologist 1. In Fig. 5(b),
the result is shown for cardiologist 2. For cardiologist 1, 10 read-
ings made on a monthly basis were used, and 11 for cardiologist
2. The correlation for cardiologist 1 was R2 = 0.11, and the ratio
between the doses was 1.42 lSv Gy�1 cm�2. For cardiologist 2,
the correlation was R2 = 0.52, and the ratio between the doses
was 2.11 lSv Gy�1 cm�2.
(b) For cardiologist 2, the correlation
between the eye lens dose estimates
performed on the goggles and the per-
sonal dose equivalent measured at the
left of the thorax on the lead apron,
both in terms of Hp(0.07).

estimates and the personal dose equivalent measured on the thorax.
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(a) For cardiologist 1, the correlation
between the eye lens dose estimates
performed on the goggles, in terms of
Hp(0.07), and the dose to the patients
in terms of PKA.

(b) For cardiologist 2, the correlation
between the eye lens dose estimates
performed on the goggles, in terms of
Hp(0.07), and the dose to the patients
in terms of PKA.

Fig. 5. Results by cardiologist of the correlation between the eye lens dose estimates and the dose to the patients.

(a) For both cardiologists, the co-
rrelation between the eye lens dose
estimates performed on the goggles
and the personal dose equivalent mea-
sured over the aprons, in terms of
Hp(0.07)

(b) For both cardiologists, the corre-
lation between the eye lens dose esti-
mates in terms of Hp(0.07) measured
on the goggles and the PKA provided
by the equipment

Fig. 6. For both cardiologists, the results of the correlation studies between the eye lens dose estimates, the personal dose equivalent measured on the thorax and the dose to
the patients.
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Attending to the first operator position (and therefore consider-
ing both cardiologists), in Fig. 6(a) the correlation is shown
between Hp(0.07) on the goggles and on the cardiologist’s apron.
In this study, 21 readings made on a monthly basis were used.
The correlation was R2 = 0.89, and the ratio between the doses
was 0.38. In Fig. 6(b), the correlation is shown between Hp(0.07)
on the goggles and the patient dose in terms of PKA. In this study,
21 readings were made on a monthly basis (the same readings as
Fig. 6(a) were considered for the eye lens dose estimates). The cor-
relation obtained was R2=0.40, and the ratio between the doses
was 1.79 lSv Gy�1 cm�2.

3.2. Dose per procedure and Hp(0.07)/PKA

The personal dose equivalent per procedure in the first operator
position, obtained with measurements performed over the aprons,
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was 102 ± 16 lSv. The eye lens dose per procedure estimated
through measurements performed on the goggles was 40 ± 9 lSv,
and a patient dose per procedure of 18 ± 3 Gy�cm2 was obtained.
Therefore, the eye lens dose estimate in terms of Hp(0.07) normal-
ized to PKA was 2.21 ± 0.58 lSv Gy�1 cm�2 (k = 2 applied in all the
cases of this section).
3.3. Annual eye lens dose estimates

In Table 4 the Hp(0.07) measurements made in a 1-year period
on the left side and in the centre of the cardiologists’ goggles with
nanoDot dosimeters, and the personal dose equivalent measured
over the left side of the cardiologists’ lead aprons with whole body
InLight dosimeters, are shown. In Table 5, the annual left eye lens
dose estimates are shown, obtained averaging the goggles’ left side
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Table 4
Hp(0.07) (mSv) annual measurements.

Cardiologist n�1 Cardiologist n�2

On goggles Over aprons On goggles Over aprons

Left side Centre Left side Left side Centre Left side

4.94 ± 0.22 3.32 ± 0.16 10.83 ± 0.99 6.08 ± 0.33 3.89 ± 0.19 11.97 ± 1.44

Table 5
Hp(0.07) (mSv) annual eye lens dose estimates.

Cardiologist n�1 Cardiologist n�2

4.13 ± 0.93 4.98 ± 1.28
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and centre nanoDot values. In this section, a coverage factor of
k = 2 was applied in all the uncertainties.

In Fig. 7, a multiple comparison is shown between the annual
estimate of the paediatric cardiologists’ eye lens dose obtained
with measurements performed on both cardiologists’ goggles dur-
ing interventions, the annual dose estimate obtained through the
linear correlation between the eye lens dose estimate on the gog-
gles and the personal dose equivalent on the thorax (see Fig. 6
(a)), the annual dose estimate obtained through the linear correla-
tion between the eye lens dose estimate on the goggles and the
patient dose (see Fig. 6(b)), and finally the annual dose estimate
obtained through the personal dose equivalent measured over
the aprons, applying a reduction factor of 0.75 [42]. Given both car-
diologists were evaluated in all the cases, these results correspond
to the position of the first operator in paediatric IC. The red line
shows the 6 mSv y�1 eye lens dose level proposed in July 2016
by the International Radiation Protection Association for imple-
mentation of regular dose monitoring with a collar or head
dosimeter [30].
Fig. 7. Annual eye lens dose estimates to paediatric cardiologists in terms of Hp(0.07) ob
estimates obtained through the linear correlations between the eye lens dose, the person
shows the eye lens dose warning level of 6 mSv y�1.
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4. Discussion

4.1. Correlation studies

In Fig. 4(a) and (b), we can see a good correlation between the
personal dose equivalent obtained over the aprons and the left
eye lens dose estimates, both in terms of Hp(0.07). However, the
ratio between the doses was found to be far from 1. A similar result
is found if we consider both cardiologists (and therefore, the first
operator position, see Fig. 6(a)). The ratio eye lens/chest is similar
to the eye lens/thyroid ratio obtained by Li et al. [43] in paediatric
IC procedures, in which a value of 0.49 is slightly higher, possibly
due to the fact that thyroid is nearer to the eyes than is the chest,
and therefore the dose value measured by the thyroid dosimeter is
closer to the eye lens dose value estimated in the eye’s vicinity.
However, both ratios are lower than the average relation of 0.75
between the eye lens dose and the Hp(10) dose measured with per-
sonal dosimeters placed on the upper left side of the torso,
obtained by Lie et al. (2008) [42], and applied to Fig. 7. The ratios
are also lower than the average relation of 0.7 between the Hp(3)
eye dose and the Hp(10) dose measured on the left side of the chest,
obtained by Farah et al. (2013) in IC procedures performed on adult
patients [44]. Furthermore, the ratios are even lower than the rela-
tion of 0.6 between the Hp(0.07) eye lens doses obtained with
OSLDs placed at the outer left side of cardiologists’ goggles and
tained on the goggles and over the aprons (applying a reduction factor of 0.75). The
al dose equivalent measured on the thorax and the PKA are also shown. The red line
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the Hp(10) doses over the chest apron readings from electronic
dosimeters obtained by Sanchez et al. (2016), also in IC procedures
on adult patients [7]. As indicated by Vanhavere et al. [45] and San-
chez et al. [7], the differences between Hp(0.07), Hp(3) and Hp(10)
are of less importance for these beam qualities than the geometric
position of the dosimeters. According to the inverse-square law,
the scattered radiation field around the paediatric patient could
have more gradient, compared with adults, because their size is
typically smaller and the cardiologists are very close to the patient.
This effect would explain the low eye lens/chest ratio obtained in
this study compared with adult IC procedures. On the other hand,
higher Pearson coefficients were obtained compared with the val-
ues of Sanchez et al. [7] and Principi et al. [6] (0.59 and 0.4, respec-
tively). Given in paediatric IC performed with a biplane system the
two X-ray tubes are often used simultaneously, and the CBCT con-
tribution to the PKA is not negligible [10], the scattered radiation
around the patient could be more isotropic when compared with
adult patients and mono-tube measurements. This effect would
lead to a more uniform exposure for both eyes and whole-body
dosimeters, explaining the high correlation coefficients obtained.

A poor correlation between dose to the patients, in terms of PKA,
and eye lens dose estimates for cardiologist 1 was observed (see
Fig. 5(a)). For cardiologist 2, the Pearson correlation was moderate
but statistically significant (p < 0:001, see Fig. 5(b)). However, if
we take into account the first operator position (and therefore,
the two cardiologists, see Fig. 6(b)), we obtain a correlation coeffi-
cient of R2 = 0.40. This value is lower compared with the values of
Principi et al. [6] and Antic et al. [46] (0.6 and 0.68, respectively).
As noted by Antic et al., the correlation between the eye dose
and PKA strongly depends on the use of collective radiation protec-
tion tools. Given in paediatric IC the use of ceiling-suspended
screen is not usually kept constant (due to the complexity of pro-
cedures), this effect could explain the poor relationship between
the eye dose and the kerma-area product provided by the linear
regression.

4.2. Dose per procedure and Hp(0.07)/PKA

Table 6 presents the eye lens dose estimates and the PKA per
procedure, as well as the eye lens dose estimates normalized to
the PKA for the first operator, compared with the results of similar
studies (mean values). The PKA per procedure obtained in this study
is the lowest, possibly due to the typically smaller-sized patients
compared with adults and to the fact that the equipment is dose-
optimised for paediatric IC [22]. The eye lens dose value obtained
is also the lowest, possibly for the same reason. However, the
eye lens dose normalized to the PKA is the highest. This result could
be due to the fact that in paediatric IC the ceiling-suspended screen
is often disregarded because it is uncomfortable for performing the
procedure correctly. The eye lens dose mean value for paediatric IC
published by Principi et al. is much greater compared with the
value obtained in this study. Because the normalized value is
Table 6
Comparison of published data on eye lens dose estimates and the eye lens dose
estimates normalized to the PKA for interventional cardiology procedures for the first
operator. PKA values per procedure are also shown for discussion purposes.

Eye lens dose Eye lens dose/PKA PKA
(lSv) (lSv Gy�1 cm�2) (Gy cm2)

Vanhanere et al. [45] 57 1.0 –
Antic et al. [46] 121 ± 84 0.94 ± 0.61 157 ± 126
Principi et al. [6] 171 ± 83a 1.81 –
Vano et al. [47] 50 ± 104 0.84 ± 1.65b 96 ± 79
This study 40 ± 9 2.21 ± 0.58 18 ± 3

a This value is obtained for paediatric interventions.
b This value is obtained with dosimeters worn over the aprons.
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similar, we can assume the PKA per procedure is much higher. This
result could be explained if the X-ray systems used were dose-
optimised for adult patients. However, more information is needed
regarding the height of the cardiologist, his experience and the
type of procedures performed.

4.3. Annual eye lens dose estimates and comparisons

Higher annual doses for cardiologist 2 were obtained in all the
measurements performed (see Table 4), mainly due to his shorter
height, since a little difference of 5% in PKA values is observed
(and therefore similar workload was delivered). On the other hand,
the doses were 49%–56% higher on the left side of the goggles than
in the centre. This result is probably due to the irradiation geome-
try most commonly used during interventions (the patient is
placed on the left side of the operator). As expected, the annual
personal dose equivalent obtained with whole body InLight
dosimeters placed on the left side of the cardiologists’ aprons were
the highest values for both cardiologists. With these measure-
ments performed in-room during interventions over a 1-year per-
iod, the results of the previous phantom simulation published by
Alejo et al. [13] are confirmed: all the doses obtained were below
20 mSv y�1. Considering the eye lens dose per procedure estimated
for the first operator position, 40 lSv, the annual eye lens dose
limit can be reached with a workload of �500 procedures y�1. This
value is much higher than the 160 procedures y�1 reported by
Antic et al. [46] in IC on adult patients, higher than the 400 proce-
dures y�1 mean value reported by Vano et al. [47] and slightly
lower than the 550 procedures y�1 reported by Sanchez et al. [7]
(although in our survey the ceiling-suspended screen was not usu-
ally used). If we consider the attenuation of goggles, doses to the
eye lenses could be reduced by a factor ranging from 2 to 7,
depending on the irradiation geometry and the design of the
glasses [48–50].

In Fig. 7, we see that the annual eye lens dose estimate through
the personal dose equivalent measured over the aprons, obtained
by applying the more commonly accepted reduction factor of
0.75, surpasses the 6 mSv y�1 warning level. Therefore, if we take
into account only this estimation, regular eye lens dose monitoring
performed with dosimeters placed next to the cardiologists’ eyes is
needed. However, the annual eye lens dose estimate obtained
through measurements performed on goggles during interventions
shows that regular monitoring next to the eyes is not needed.
Moreover, noting the uncertainties, the estimate performed
through the correlation with the personal dose equivalent is com-
patible with the estimate on the goggles. The annual eye lens dose
obtained by the correlation with the PKA, however, can underesti-
mate the real value of the annual eye lens dose.

4.4. Limitations of the study

Despite the large number of procedures evaluated in the 1-year
period, the main limitation of this study is the low number of car-
diologists submitted to dose assessment from a single installation
(only two paediatric cardiologists were working in the facility
when this study was performed). This limitation could lead to
results that might not have general value, due to the large variabil-
ity of the procedure protocols between facilities and the possibly
different setups of radiology equipment.
5. Conclusions

An analysis has been performed of the correlations between the
eye lens dose estimates performed with OSL dosimeters placed
next to the eyes of two paediatric interventional cardiologists
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working with a biplane system, the personal dose equivalent mea-
sured over their aprons and the patient dose obtained in terms of
PKA. The Hp(0.07) personal dose equivalent measured by the chest
dosimeter has been found to be a good estimator of the Hp(0.07)
eye lens dose, with good correlation, although with a low eye
lens/chest ratio. A low correlation was found with the patient dose,
although statistically significant. Per procedure, the PKA and the eye
lens dose estimates were much lower than the values reported in
the literature for IC on adult patients; however, the eye lens dose
value normalized to the patient dose was higher. This outcome
highlights that the regular use of radiation protection tools could
be optimised; in particular, the ceiling-suspended screen, which
is often disregarded. Finally, the annual eye lens dose estimates
obtained with the dosimeters placed on the goggles and from the
linear regressions were all below 6 mSv y1; therefore, no regular
monitoring with collar or head dosimeter is needed.
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