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ARTICLE INFO ABSTRACT
Keywords: Background: Paediatric patients with congenital heart disease benefit greatly from X-ray diagnostic and inter-
Paediatric interventional cardiology ventional procedures. However, multiple procedures lead to prolonged exposure to ionizing radiation (IR),

Dose reference levels (DRLs)
Monte Carlo simulations
Voxel phantoms

raising concerns for secondary long-term health issues.

Purpose: This study aimed to establish local dose reference levels (LDRLs) for a National Reference Center for
Effective dose estimation Congenital Cardiopathies (NRCCC) in Portugal. Additionally, it estimated effective and organ doses in paediatric
Organ dose assessment patients undergoing coronary angiographies (CAs) using measurements and Monte Carlo simulations.

Dose conversion coefficients (DCCs) Methods: LDRLs were determined through statistical analysis of patient registry data from 120 patients recorded
between 2022 and 2023. For effective dose estimation, personal dose equivalent values Hp(10) were measured
with an anthropomorphic phantom (CIRS ATOM 705) and Raysafe dosimeters, used to validate Monte Carlo
(MC) simulations, which were then employed with rescaled paediatric voxel phantoms (GsF Baby and Child), to
estimate effective doses and dose conversion coefficients (DCCs) for representative patient anatomies across
different age and weight groups.

Results: LDRLs for coronary angiographies at the NRCCC showed significant dose variability, indicating dose
optimization opportunities. Monte Carlo simulations allowed for organ dose and effective dose calculations. Dose
Conversion Coefficients were 1.107, 0.882, 0.719, and 0.524 mSv/Gy-cm2 for newborn, 1 year-old, 5 year-old
and 10 year-old groups respectively. A strong linear correlation between effective dose and air-kerma area
product (KAP) was observed.

Conclusions: The study highlights the strong correlation between effective dose and KAP, offering a practical
framework for estimating patient doses and enhancing radiation safety protocols in clinical practice.

1. Introduction needles to the lesion site to perform complex procedures in real time
[2,3]. Interventional Cardiology (IC) allows specialists to avoid

Congenital heart defects (CHD) affect approximately 1.35 million complicated invasive surgeries, which may be intolerable for some pa-
children annually worldwide [1]. Typically, these patients are submitted tients, due to their age or the pathology itself. However, the complexity
to image-guided X-ray fluoroscopy imaging to conduct catheters or of IC procedures, the long fluoroscopy times, and the potential need to
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repeat the procedures several times lead to protracted low-dose expo-
sure to ionizing radiation (IR). Therefore, these procedures must be
optimized to minimize unnecessary risks without compromising treat-
ment outcomes [4]. In fact, within the linear-no-threshold (LNT) model,
prolonged exposure to low doses of ionizing radiation is assumed to
increase the probability of stochastic effects such as radiation-induced
cancers in direct proportion to the accumulated dose.

It has remained consensual, however, that despite the radiological
risk, it will always be less than the clinical benefits of using IC, which
saves children’s lives with good quality of life outcomes [4-6]. Even if
the risk factors underlying the late development of cancer remain to be
fully understood [7].

The objective of this work was to perform a dosimetric analysis of
paediatric patients followed at the Centro de Referéncia de Cardiopatias
Congénitas (CR-CC, the Portuguese National Reference Center for
Congenital Cardiopathies), Hospital de Santa Marta (HSM) of the Cen-
tral Lisbon University Hospital CHULC) at [8].

The first step was to establish local dose reference levels (LDRLs).
Establishing LDRLs is a legal requirement [9]. Existing guidelines
demonstrate the importance of paediatric LDRLs, to conform to radia-
tion protection best practices, that can lead to patient dose optimization
where possible.

For this purpose, a statistical analysis of cardiac angiographies (CA)
and percutaneous coronary interventions (PCI) was performed in pae-
diatric patients for the years 2022 and 2023 to determine the Local Dose
Reference Levels (LDRLs) and compare them with international
guidelines.

Furthermore, Monte-Carlo simulations with anthropomorphic
phantoms were used to assess organ doses as well as effective doses for
patients in different age groups. This can be used to determine dose
conversion coefficients and help predict organ doses/effective doses
from measurable quantities such as Air-Kerma Air Product (KAP).

The Monte Carlo simulations were performed with the general code
MCNP6.2 [10]. Validation of the model was made using the Raysafe i3
dosimeters [11] and the CIRS ATOM 705 (ABEL) phantom [12].

After validation, the GSF Baby and Child phantoms [13] were used to
determine effective dose and organ dose due to CAs in the Antero-
posterior (AP) projection at 0° from four age group representative
paediatric patients (newborn, 1 year, 5 years, and 10 years).

Obtained results were analysed and compared with previously pub-
lished results. Dose conversion coefficients were obtained for each age
group, which can be used in clinical practice to estimate effective doses
to the patients.

2. Methodology

Dosimetric quantities used in this work include the absorbed dose
(mGy), in particular absorbed organ dose (also in mGy); the operational
quantity personal dose equivalente Hp(10) for measurements with do-
simeters (in mSv), which in the conditions of the work is equivalente to
the absorbed dose in mGy: the Entrance Skin Dose (ESD) (in mGy); and
finally the effective dose (mSv or relevant sub-units), determined ac-
cording to the ICRP’s latest reccommendations [14]. The derived
quantity Air-Kerma Air Product (KAP) is provided in the convenient and
more common in the literature units of ¢cGy-cm?, while effective Dose
Conversion Coefficients (DCCs) are conveniently expressed in mSv/
Gy-cm? (or, in the case of organ DCCs mGy/Gy-cm?).

2.1. Dose reference Levels (DRLs)

Information from 120 patients was recorded between 2022—2023 at
CR-CC of HSM/CHULC. The ages of the patients ranged between 1 day
old and 19 years old. In terms of procedures, 34 % of them were diag-
nostic Cardiac Angiography (CA) procedures, and the remainder (63 %)
were Percutaneous Coronary Interventions (PCI). From these values we
determined the minimum and maximum ages, the minimum and
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maximum procedure lengths, as well as the mean ESD and the mean
KAP, for both CA and PCIL These values are provided via the PACS
system and can be found in Table 1.

Table 1 shows that mean ESDs and KAPs exhibit large standard de-
viations, with median values significantly smaller than the mean. This is
due to their frequency distribution being highly skewed to the left and
several seemingly outlier values in different ranges, as can be seen from
Fig. 1, in which the histograms of the distributions of the mean ESDs and
KAPs are shown for CA and PCI. The Local Dose Reference Levels for
these procedures can be determined at the 75th percentile.

The European Commission’s Radiation Protection n° 185 (RP 185),
recommends the use of five weight groups for paediatric patients (< 5, 5-
<15, 15-<30, 30-<50, and 50-<80 kg), for both for the ESD and the
KAP. However, the report on DRLs for CA and PCI in the same document
is provided in different weight groups (0-<10, 10-<20, etc). As such we
produced the values in both weight groups. Distributions for each
weight group were made for ESD (CA and PCI) and for KAP (CA and
PCI). After that, the median and 75th percentile was determined, which
corresponds to the LDRL for each weight group and procedure. The
values obtained are shown in Tables 3 and 4, depending on the chosen
weight group intervals. Also, according to RP 185, LDRLs should include
at least n = 20 cases per group, which was not the case in this study. This
was due to the limited number of cases referred annually to CR-CC at
HSM/CHULC.

As can be seen from Table 2 the values do not strictly increase with
weight group. However, they do increase with weight group in Table 3,
showcasing that the RP 185 guideline is a more adequate classification.

For CA, using the more detailed 10 kg-wide weight groups, the local
DRL ESD climbs steadily from 20 mGy in the 0-<10 kg group to 214 mGy
in the 60-<70 kg group. A strog increase already appears at 84 mGy for
20-<30 kg, but the highest recorded CA value in this series is in the 60-
<70 kg bin. The corresponding KAP rises from 156 c¢Gy-cm? to 2 512
cGy-cm2 across the same span, showing a surge at 1 078 cGy~cm2 in 20-
<30 kg. Using the broader RP 185 reccomended weight groups, CA ESD
advances from 22 mGy in the < 5 kg weight group to 167 mGy for 50-
<80 kg, accompanied by KAP growth from 140 cGy-cm? to 1 870
¢Gy-cm?. The 15-<30 kg weight group shows an intermediate ESD of 88
mGy and KAP of 841 cGy-cm?.

For PCI, both ESD and KAP are consistently higher than CA due to the
complexity and duration of interventional procedures. Using the more
detailed 10 kg-wide weight groups, ESD begins at 49 mGy for 0-<10 kg
and peaks at 564 mGy in the 50-<60 kg group, while KAP escalates from
206 cGy-cm? to a maximum of 5663 ¢Gy-cm? in the same 50-<60 kg
group. Beyond 60 kg the available data becomes scarcer and the DRLs
decrease slighlty (e.g., 84 mGy / 1 098 cGy-cm? for 60-<70 kg). For the
RP 185 reccomended weight groups, ESD rises from 25 mGy (< 5 kg) to
49 mGy (5-<15 kg) to 312 mGy (30-<50 kg), with a modest reduction to

Table 1
Dosimetric information from PACS system of the procedures between Jan 2022
and Dec 2023 at HSM, and Local Dose Reference Level (DRL) determination.

Information Procedure

Cardiac
Angiography (CA)

Percutaneous Coronary
intervention (PCI)

Minimum-maximum values 1 day old — 18 years
patients’ age old

28 days old — 19 years old

Minimum-maximum values 00:02:36 — 00:02:55 - 00:40:51
Length of procedure (HH: 00:38:16
MM:SS)

Mean ESD +/- standard 48.0 + 53.5 mGy 99.8 + 148.0 mGy
deviation
(mGy)

Median ESD (mGy) 22.0 46.0

Mean KAP +/- standard 522.4 + 633.5 866.5 + 1364.7
deviation
(cGy-cm?)

Median KAP (cGy-cm?) 235.0 353.0




P. Teles et al.

Histogram of Entrance Skin Dose (ESD) - CA
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Histogram of Entrance Skin Dose (ESD) - PCI
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Fig. 1. Histograms of ESD and KAP for CA and PCI procedures in 2023 and 2024.
Table 2
Local Dose Reference Levels for weight groups as used for comparison with RP 185 data.
CA PCI
ESD (mGy) KAP (cGy-cm?) n ESD (mGy) KAP (cGy-cm?) n
DLR DLR DLR DLR
(75th percentile) (75th percentile) (75th percentile) (75th percentile)
0-<10 kg 20 156 16 49 X 16
10-<20 kg 47 537 10 54 431 23
20-<30 kg 84 1078 3 104 894 15
30-<40 kg — —- 1 179 1248 3
40-<50 kg 64 877 3 323 2191 6
50-<60 kg 140 1603 5 564 5663 8
60-<70 kg 214 2512 3 84 1098 4
70-<80 kg - - - - — 1
80-<90 kg - - - 0
90-<100 kg — — — — — 1
>100 kg — —- —- 202 2770 2

297 mGy in 50-<80 kg. KAP follows a similar pattern, starting at 76
¢Gy-cm? and peaking at 2398 cGy-cm? in the 50-<80 kg group.

For certain weight groups, due to insufficient data, DLRs are not
available. In groups where there was only one value, the 75th percentile
was not calculated.

The obtained LDRLs reflect the need for higher radiation exposure
for larger body masses. However, this is not the only factor influencing
the values, which can also change due to complexity of procedure, body

mass index, or other factors.

The obtained results were compared with the results provided in RP
185, which provided data for median values of KAP for CA procedures.

Differences can be found between the results of this work and those
in the literature. In Tables 4, mean KAP values are compared with data
from RP 185 [16,17,18]. Caution should be taken when comparing these
results, as explained in the reference [15]. Also, in Table 5, LDRLs at the
75th percentile are compared with more recent data currently available
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Table 3
Local Dose Reference Levels for weight as recommended by RP 185.
CA PCI
ESD (mGy) KAP (cGy-cm") n ESD (mGy) KAP (cGy-cm2) n
DLR DLR DLR DLR
(75th percentile) (75th percentile) (75th percentile) (75th percentile)
<5kg 22 140 3 25 76 2
5-<15 kg 19 148 17 49 227 23
15-<30 kg 88 841 9 100 667 29
30-<50 kg 62 866 4 312 2067 9
50-<80 kg 167 1870 8 297 2398 13
>80 kg* —- —- —- 157 2246 3

*weight group not included in the RP 5 guidelines, but added for completeness.

Table 4
Comparison of median KAP values for CA procedures obtained in this work and reported in the literature. Differences (DIF) are expressed as percentages.
Weight Group This work (cGy ¢ cm?) Harbron et al. [16] % d Barnaoui et al.[17] (cGy e cm?) % d Chida et al. [18] %d
(cGy e cm?) (cGy e cm?)
<10 92 140 -34 180 —49 403 -77
10 — <20 233 220 6 260 -11 1470 -84
20 — <30 872 330 164 370 136 2540 —66
30 — <40 846 510 66 520 63 3600 -76
40 — <50 826 770 7 730 13 4670 -82
50 — <60 1279 1160 10 1030 -8 5740 -84
60 — <70 2419 1770 37 1450 66 6800 —64
70 — <80 — 2680 — 2050 — 7870 —
Table 5
Comparison of LDRLs values for CA and PCI procedures obtained in this work and the most recent reports in the literature. Differences (DIF) are expressed as
percentages.
Weight group  Procedure type  This work  Giannone et al (2023)  %d Ubeda %d Ubeda %d Hultenmo  %d De Monte  %d
[19] etal et al (2022) [21] etal et al
(2020) (2021) (2020)
[20] [22] [23]
<5kg CA 90 80 12 430 -79 300 -70 28 221 210 -57
PCIL 72 60 21 520 -86 370 -80 32 127 220 -67
5-<15kg CA 92 120 -23 500 -82 450 -80 89 3 390 -76
PCI 157 240 -35 800 -80 430 —63 68 131 680 -77
15- < 30 kg CA 576 220 162 1260 -54 810 -29 178 224 1540 -63
PCI 382 230 66 1 560 -76 730 -48 185 106 940 -59
30 - < 50 kg CA 836 540 55 4 340 -81 920 -9 575 45 1 460 -43
PCI 875 550 59 2550 —66 1610 -46 914 -4 1670 -48
50 — < 80 kg CA 1441 940 53 3130 -54 2680 -46 1370 5 — —
PCI 2137 1130 89 3020 -29 5340 -60 2325 -8 2460 -13

[19-23],.

In general, for the low weight group patients (<10 and 10-<20) the
Median KAP values obtained in this work are consistently smaller than
the other presented works, which stops being the case for intermediate
weight group patients (20-<30, 30-<40 and 40-<50). In any case in the
case of Chida et al. the values obtained in this work are consistently
smaller than those reported by this group.

The obtained LDRLs compared with more recent results in the
literature [19-23], using the RP185 recommended weight groups, can
be found in Table 5:

When comparing our centre’s KAP DRLs with other works, it can be
seen that this work’s DRLs in the smallest patients (< 15 kg) are well
below those reported by Ubeda and De Monte, yet are close to or slightly
above the data from Giannone and Hultenmo. From 15 kg upward this
work’s DRLs become higher than those reported by Giannone and
Hultenmo, but they still maintain much smaller values than the numbers
reported by Ubeda and De Monte.

It should be noted that these results emphasize variability in dosi-
metric practices and the potential for optimization and perhaps
harmonization of practices, which leads us to the other part of this study.

2.2. Equipment and cath lab

The CR-CC cath lab is located at the HSM/CHULC. The room has the
following dimensions: 8.16 m x 7.50 m x 2.83 m, and inside it, the C-arm
Innova IGS 520 [24] system is placed, as shown in Fig. 2 Further geo-
metric details are given in the following sections.

2.2.1. Anthropomorphic paediatric phantom

An anthropomorphic phantom CIRS ATOM 705 (ABEL) was used to
validate the measurements [12]. The phantom emulates a 5-year-old
child, with a height of 110 cm, a weight of 19 kg, and a thorax size of
14 x 17 cm. A representation of ABEL is shown in Fig. 3:

ABEL has a sectional design, with 25 mm slices, containing
anatomically correct representations of 21 internal organs. It is made of
tissue-equivalent epoxy resin with 1.54 g/cm? density.

2.2.2. Raysafe i3 dosimeter

Raysafe i3 dosimeters provide real time personal dose equivalent
rates that can be stored in a device that accompanies them. The ones
used in this study were calibrated to be used in radiology settings. Green,
yellow and red bars are displayed indicating the personal dose
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Fig. 2. Longitudinal view of the C-arm Innova IGS 520, taken from [24].

equivalent rate and the accumulated personal dose equivalent for each
dosimeter [13]. Some of the main features of these dosimeters are shown
in Table 6.

2.2.3. Components of the cath lab

To simulate the cath lab in a virtual environment, it was necessary to
collect information about the dimensions, material compositions, and
densities of the different components inside the room (Table 7). The only
material for which no information could be found was that of the patient
table carbon fiber, for which the stoichiometric composition, density,
and internal structure were unknown.

2.3. Monte Carlo simulations

In this work, the MCNP6.2 (Monte Carlo N-Particle 6.2) code was
used. MCNP6.2 is a well-known language used for particle transport
[10], that uses databases of effective interaction cross-sections for 34
types of particles, such as neutrons, electrons, photons, protons, alpha
particles, among others, in energy ranges from a few eV to GeV, in user-
defined materials and geometries.

Photons and electrons are generated from a source according to user-
specified parameters. Interaction sampling is then carried out to simu-
late their transport through the different user-defined geometries.

The fluence and energy deposition within each geometrical compo-
nent can be followed and tallied by MCNP6.2, allowing for dosimetric
calculations. For dose tallying, the *F8 tally was used, which scores the
dose in MeV/particle history, for each geometric structure. Simulations
were performed using 1 —2 x 10° particle histories, leading to 26 un-
certainties below 2 %.

2.4. Voxel phantoms

The Helmholtz Zentrum Munchen, Baby and Child phantoms [13]
were used, depictions of which are shown in Fig. 4. The main features of
these phantoms are given in Table 8.

It should be noted that although the initial patients from which the
images were taken to create the phantoms were from two female pa-
tients, the patients were later manually changed to possess both male
and female gonads for dosimetry purposes.

3. Results and Discussion
3.1. Measurements to validate the simulation
The CIRS ATOM 705 was irradiated four times with three Raysafe

dosimeters located as shown in Fig. 5.
The mean parameters taken from the DICOM file for the four

irradiations are given in Table 9:

The arithmetic mean and standard deviation were taken from the
obtained dose equivalent values for the four different irradiations in the
three regions of interest, which are given in Table 10, together with the
obtained minimum and maximum values. The gonads marked zero
during the four irradiations, meaning that the equivalent dose value in
this region was below the detection limit of the dosimeters. They were
therefore excluded from further analysis.

Fig. 6 shows the dose distribution in the nose and heart regions. For
the nose region, the standard deviation is very high, as one standard
deviation below the mean value is less than the minimum dose value
obtained. This is because the measured dose equivalent values are at the
measurement limits of the dosimeters.

3.2. Monte Carlo simulation

The simulation environment was created using the collected data
from the dosimeters and the irradiation set-up. The set-up was made by
making use of the MCNP6.2 geometric tools, which consist in the defi-
nition of analytical surfaces that can be combined using Boolean oper-
ations to create “cells”, to which a given material can be ascribed.
Materials (media) are created by giving the fraction by weight of each
element in the compound. Values for the different materials were taken
from the NIST tables [26].

3.2.1. Source and collimators

The source spectrum at 60 kVp was obtained using the IPEM78
database [25] and was placed at a source-to-surface distance (SSD) of 72
cm, equal to the measurement.

To represent the collimators, 4 copper blocks of 0.3 mm thickness
were created. The upper jaws were at 20 cm distance from the source,
whereas the lower jaws were 10 cm distance from it. The source-to-
detector distance (SID) was defined to be at 93.8 cm as in the mea-
surement. The aperture of the beam is 9.89°.

At the detector, the field had a 20 x 20 cm? area, with these speci-
fications, just like in the measurements.

The X-ray tube has a total filtration of 1 mmAl equivalent; and there
are two added filters, one of 0.5 mm Al and the other of 0.05 mmCu
(corresponding to 1.7 mmAl at 70 keV) and finally an inherent filtration
total of 2 mm Al equivalent.

In the simulation, this was simplified by considering the X-ray tube
beam filtration of 1 mmAl equivalent, and then aggregating all the other
filtrations in a single filtration of 2.5 mmAl (after calculations) placed
next to the collimators, as shown in Fig. 7.

Fig. 7 shows the specs together with the geometric modelling of the
collimators, illustrating how the upper and lower jaws are placed.
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Fig. 3. Anthropomorphic phantom CIRS ATOM 705 (ABEL) [12].

Physica Medica 135 (2025) 105023

Table 6
Main features of Raysafe i3 dosimeters.

Raysafe i3 dosimeters

Operational Quantity H(10)
Response time < 1s, above 100 pSv/h
< 5s, below 100 pSv/h
Detection limit < 30 pSv/h
Uncertainties in dose rates (for continuous 10 % or 10 pSv/h (40 pSv/h - 150
irradiation) mSv/h)

20 % (150 mSv/h — 300 mSv/h)
40 % (300 mSv/h — 500 mSv/h)
Dose reproducibility 10 % or 1 pSv

Table 7
Geometric features of each component of the room. (a) indicate that the values
have been obtained by Monte Carlo simulation analysis.

Material Dimensions Density (g/
em®)
Room Air 8.16 m x 7.50 m x 2.83 1.2043 x 1073
m
Walls Concrete 8.16mx2.83mx2lcm  2.300
7.50mx2.83mx21cm
X-ray tube Spectrum taken from IPEM 78 [25]
Collimators Copper 5cmx5cmx 0.3 mm 8.960
Al filter Aluminum 6 cmx 6 cmx 2.5 mm 2.699
Cu Filter Copper 6 cmx 6 cmx 0.1 mm 8.960
Patient table Carbon Fiber 3.35mx 1.2 (a)
(0.66 m / 0.44 m /0.20
m)
X 4 cm
Patient Foam 0.085
mattress
Table base Kevlar 48 cm x 65 cm X 94 cm 1.45
Table support Lead 97cecmx70cmx0.5mm  11.35
Table holder Lead 34.5cmx 56 cmx 0.5 11.35
mm
Detector Carbon Fiber 35 cm x 34 cm x 25 cm 1.8 (a)
(casing)
Detector Glass 31 cmx 31 cm x 1 mm 2.23
(glass)
Detector Amorphous 31emx31ecmx 100 ym  2.285
Silicone
C-arm Kevlar Semi-Circumference 1.45
High: 1.83 m

Internal Radius: 71.5 cm
Thickness: 11 cm

3.2.2. ABEL simulation

The anthropomorphic phantom was created using the geometric
specifications provided in the ABEL phantom specs. The phantom
positioned in the centre of the table and the phantom was aligned with
the source centre axis, just as in the measurements. The representation
of the simulation room can be depicted in Fig. 8. The dosimeters were
positioned as the real irradiation locations, heart, nose, and gonads, as
can be seen in Fig. 5.

3.3. Validation and analysis

The *F8 tally was used for the calculations, which scores the
deposited energy in MeV/source particle.

Results were normalised by making use of the Current intensity (mA)
and the voltage (kV) of the electron beam, the mean energy value of the
spectrum, the efficiency of X-ray production taken from [27], exposure
time of the pulsated beam, and the attenuation of the beam through the
collimators and filters.

The material and internal structure of the patient table, as well as the
carbon fibre in the casing had unknown composition and density, as they
appear as general carbon fibre in the manual. It was clear that both
carbon fibres were different, as table carbon fibre had an internal
structure, whereas the casing carbon fibre was visibly homogeneous and
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Fig. 4. Baby and Child Voxel Phantoms [13].

Table 8
Properties of the Baby and Child Voxel Phantoms.
Baby Child
Age 8 weeks old 7 years old
Height(cm) 57 115
Weight(kg) 4.2 21.7
Dimensions 267 x 138 x 142 256 x 256 x 144
Voxel (0.0850 x 0.0850 x 0.4000) ~ (0.1540 x 0.1540 x 0.8000) ~
dimensions 0.0029 cm® 0.0190 cm®

Fig. 5. CIRS ATOM 705. Dosimeter positioning: Purple dot nose, orange dot
heart and black dot gonads. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

denser. To overcome this problem, several simulations were performed
using three types of fibres: PAN, OXI-PAN, and QUASI-carbon [28,29],
at different densities. After comparing the simulated values with the
measurements, it was observed that the simulation values giving smaller
percent deviations were when considering PAN fibre of density of
1.2gem~3 for the table and 1.8gcm ™3 for the casing. This density agrees
with literature values for PAN fibres with honeycomb internal structures
or homogenous [29].

In this optimised set-up, the simulated dose equivalents in the nose
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Table 9
Mean irradiation parameters.
Parameter Units Mean value
Fluoroscopy fps 15
kv 60
mA 110
Time (s) 1.097
ESD mGy 2.5
KAP cGy.cm? 0.185
Duration s 20
SSD cm 72
SID cm 93.8
Table 10

Measured mean dose equivalents, standard deviation, minima and maxima in
the different regions.

Region Mean Standard Deviation Minimum (pSv) Maximum (uSv)
(usv)

Nose 1.68 0.39 1.30 2.20

Heart 8.35 2.69 5.00 12.10

Gonads 0.00 0.00 0.00 0.00

and heart were 1.56 + 0.04 uSv and 7.43 + 0.17pSv, respectively. These
are in accordance with the measured doses of 1.69 +0.39uSv and
8.35 & 2.69uSv. The values are given in Table 11:

It should be noted that the four performed irradiations gave a broad
interval of dose equivalent values for both regions, as can be seen from
the standard deviations, which correspond to 32 % and 23 % for the
heart and nose mean values. Compared to the percent deviations of 11 %
and 7.7 %, respectively. Both values of the simulated dose equivalents
have percent deviations that are smaller than one standard deviation
from the mean measured dose equivalents. As such, it is safe to say that
the MCNP model is statistically valid.

3.4. dose Calculation from the voxel phantoms

After validation, the MCNP simulation using the Baby and Child
phantoms was performed. Based on data from the hospital, eight
different age and weight group representative patients who underwent
an anteroposterior (AP) projection (0°) CA procedure were chosen.

For the anteroposterior (AP) projection (0°) CA procedures, the used
parameters corresponded to the ones in the Hospital protocols for pae-
diatric procedures in the AP projection — 65 kV, 15.6 mA, with 10 x
10cm? beam size at an SID of 100 cm, and an additional Copper filtration
of 0.2 mm. This additional filtration reduces dose by 32-39 % at this
voltage without compromising image quality [30]. The equipment’s
Automatic Brightness System (ABS) varies the mA intensity for the same
kV to improve image quality.

All phantoms were placed with the thorax region centred at the de-
tector in the simulation. Using the *F8 tally, the energy received by each
organ of the voxel phantoms was estimated, and from this the effective
dose and the KAP were determined. Results were renormalized using the
PACS measured KAP [31,32].

In Fig. 9, an illustration of a simulation using the Child phantom in
AP projection is shown.

3.4.1. Voxel phantom scaling

For each patient, according to their age/weight group and anatom-
ical features, either the Baby or the Child phantom were ascribed. After
this, the dimensions of the voxel phantoms were rescaled to fit the
anatomy of the patient. This rescaling was made by altering the z-di-
mensions of the original voxel dimensions to match the height of each
patient and adjust the x and y-dimensions to match the weight, without
deforming the phantoms [33-37]. The obtained values, together with
the most important features of the procedures, are shown in Table 12.
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Fig. 6. Dose equivalent in the nose and heart regions.
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Fig. 7. Left: representation of the upper and lower jaws in the equipment’s blueprints. Right: Geometric representation of the collimators in the simulation.

Fig. 8. Simulated room and equipment with the ABEL phantom in (a) longitudinal view (b) cross-sectional view.

3.4.2. Absorbed organ doses and effective doses determined by applying the tissue weighting factors to each region and
Organ doses in the bone and bone marrow were calculated using data then summing the results. As the gender of the patients was known the
from [38]. Results were obtained for each organ, and the effective dose gonads value varied according to gender.
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Table 11
Simulated dose equivalents measured mean dose equivalents and corresponding
standard deviations. The relative difference is expressed as a percentage.

Region  Simulated dose Measured dose equivalent Relative
equivalent + sd (pSv) mean =+ sd (uSv) difference (%)

Heart 7.43+0.17 8.35 + 2.69(32%) 11.0 %

Nose 1.56 +0.04 1.69 + 0.39(23 %) 7.7 %

Fig. 9. Illustration of a simulation using the Child phantom in the
AP projection.

In Table 13, values for the effective dose, as well as PACS provided
KAP and Entrance Skin Doses (ESD) are provided, together with the
calculated dose conversion coefficients (DCC) for each patient/age
group.

Effective dose values (mSv) are within the range interval of values
published by [39,40]. It should be noted, however, that previously re-
ported KAP values seem to vary significantly in the literature [40,41].
Obtained dose conversion factors of 1.107 mSv/Gyecm?, 0.882
mSv/Gy e cm?, 0.719 mSv/Gy e cm? and 0.524 mSv/Gy e cm? for the
newborn, 1-5, 5-10 and 10-15-year-old age groups also agree with
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previous published results [39].

For adult patients, it is common to assume that there is a linear
correlation between the effective dose and measured KAP (cGy e cm?)
[43], although for children it would be wise to do this in different age or
weight groups, this is impossible considering the size of our study.
However, a very adequate fit is obtained for the effective dose (E) as a
function of KAP (R? = 0.9724), with a slope of 7.308 mSv/Gy e cm?, as
shown in Fig. 10.

This linear correlation seems to indicate that the curve could be used
to predict effective doses for this equipment and procedures from KAP.
This could have clinical relevance, although more data should be
obtained.

3.5. Organ doses

In Table 14, the obtained absorbed dose to selected organs is shown.

The obtained organ dose values are within range of previously
published results [38,42]. Fig. 11 shows a plot of the variation of organ
dose with KAP.

The obtained values show that for practically all organs (except the
bladder), the least and highest values correspond to the least and highest
values of the used KAP. For instance, in the heart and lungs, values vary
between 0.43 mGy for the heart and 2.04 mGy for the lung, in the case of
the 2 year old with a KAP of 88 c¢Gy e cm?; and 2.04 mGy for the heart
and 7.67 mGy for the lung in the case of the 5 year old with a KAP of 702
cGy e cm?, corresponding to the least and highest used KAP. Estimated
values for the red bone marrow vary between 0.50 mGy for the 88
cGy e cm?, and 4.50 mGy for the 702 cGy e cm?.

Linear fits were made to the organ doses as a function of KAP. The
obtained fits varied between having a goodness-of-fit measured as R?
from a negative value for the bladder (meaning no linear correlation) to
values closer to 1 for the lungs (R? = 0.941), spinal cord (R? = 0.912),
and bone marrow (R?> = 0.897), for instance. In Table 13, the KAP-to-
organ dose coefficients are given as obtained with the linear fits, for
R? values higher than 0.75:

An R? > 0.75 means that over 75 % of the variation in the dependent
variable (organ dose) can be explained by the independent variable
(KAP), as such organ dose can be fairly well estimated using the co-
efficients in Table 15 This can also help clinicians in determining, not
only a cumulated effective dose, but also cumulated organ doses, albeit
with higher uncertainties [44].

Table 12
Patients and PACS data and respective rescaled phantom to match their anatomy.

Procedure 1 2 3 4 5 6 7 8

Age 5 days old 2 months old 11 months old 2 years old 4 years old 5 years old 5 years old 11 years old

Age group newborn newborn 1-5yo 1-5 yo 5-10 yo 5-10 yo 5-10 yo 10-15yo

Height (cm) 51 51 77 79 100 107 98 140

Weight (kg) 4.3 5.0 6.4 10 15 16 18 23

Weight group <5 5-<15 5-<15 5-<15 15-<30 15-<30 15-<30 15-<30
(kg)

Duration 00:33:48 00:12:10 00:25:42 00:09:06 00:08:05 00:33:35 00:36:31 00:10:58
(hh:mm:ss)

Total dose 40 44 101 12 21 39 103 22
(mSv)

KAP 190 157 454 88 235 568 702 382
(cGy.cm2)

Gender M M F M M F F M

Phantom Baby Baby Baby Baby Child Child Child Child

Matrix 267 x 138 x 142 267 x 138 x 142 267 x 138 x 142 267 x 138 x 256 x 256 x 256 x 256 x 256 x 256 x 256 x 256 x
dimensions 142 144 144 144 144

Voxel 0.0952 x 0.0952 0.103 x 0.103 x 0.095 x 0.095 x 0.117 x 0.117 0.128 x 0.128 0.135 x 0.135 0.150 x 0.142 x 0.142
dimensions x 0.3592 =~ 0.3592 ~ 0.0038 0.5425 =~ 0.0049 x 0.556 ~ x 0.704 ~ % 0.743~0.014 0.150 x % 0.979 ~ 0.020
(em®) 0.0033 0.0076 0.0114 0.681

Physical 25.42X13.14X 27.54 x 14.2 x 25.3 x 13.1 x 31.2 x 16.2 x 34.0 x 17.6 x 34.6 x 34.6 x 38.4 x 38.4 36.4 x 36.4 x
dimensions 51.0 51.0 77.0 79.0 100.0 107 x 98.0 141
(cm®)
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Table 13
Obtained total effective doses (mSv) for the different patients, divided into age groups, together with KAP (cGy e cm?), and DCC (mSv/Gy e cm?).
Patient Age Age Group Weight (kg) Equipment KAP Equipment ESD Estimated Effective Dose U DCC Mean DCC
(cGy.cm?) (mGy) [mSv] (%) (mSv/Gy.cm?)
1 5 do Newborn 4.3 190 40 2.17 2.13 1.382 1.107
2 2 mo 5.0 157 44 1.87 2.11 1.191
3 11 mo 6.4 454 101 3.39 2.89 0.747
4 2yo 1 -5 years old 10 88 12 0.75 2.68 0.860 0.882
5 4yo 15 235 21 2.12 2.86 0.903
6 5yo 5-10 years old 16 568 39 4.08 1.36 0.718 0.719
7 5yo 18 702 93 5.05 1.20 0.719
8 11 yo 10-15 years old 23 382 22 2.00 1.44 0.524 0.524
materials introduced a high uncertainty of 7.7-11 % (corresponding to
6.00 the standard deviation of the values we obtained), validated against
measured values. Finally, assuming an estimated 3 % to the phantom
__5.00 ® rescaling to align voxel phantoms with patient-specific anatomy, these
3 contributions, using the root-sum-square method, provide a total un-
% 4.00 , certainty in the effective dose values of approximately 10 %. This level
é of uncertainty aligns with published paediatric dosimetry studies.
2 &
© 3.00 4. Conclusions
%
3 2.00 ° o . The present work aimed to evaluate the radiation doses received in
= ° g the organs of paediatric patients with congenital heart disease during
E diagnostic and interventional cardiology procedures using Monte Carlo
1.00 o simulations and voxel phantoms.
) The importance of this work and their future integration into clinical
0.00 practice in a paediatric reference hospital is related to the need to esti-
0 200 400 600 800 mate the cumulated doses these patients receive throughout their lives
KAP (cGy-cm?) and consider measures to mitigate them. This could help in dose opti-

Fig. 10. Effective dose as a function of KAP.

3.6. Uncertainty analysis

The uncertainty in the calculations should consider a combination of
the contributions to the uncertainty from the Monte Carlo simulations,
the measurements, the uncertainties with the materials and the phantom
rescaling.

While statistical uncertainties from Monte Carlo simulations were <
3 %, the optimization of the unknown densities and compositions of

mization and raising awareness of staff and help in the implementation
of a dose monitoring programme [45].

A statistical analysis of the paediatric patients allowed for the
determination of local dose reference levels for the reference centre CR-
CC at HSM/CHULC, which were, when using the 10-by-10 kg intervals,
for CA: 156 ¢Gy-cm? for the 0-<10 kg weight group, 537 c¢Gy-cm? for the
10-<20 kg weight group, 1078 cGy-cm? for the 20-<30 kg weight
group, 877 cGy-cm? for the 40-<50 kg weight group, 1603 cGy-cm? for
the 50-<60 kg weight group and 2512 cGy-cm? for the 60-<70 kg
weight group. For PCI, the values were: 206 cGy-cm?, 431 cGy-cm?, 894

Table 14
Selected organ doses for the different patients.

Age 5 days old 2 months old 11 months old 2 years old

weight 4.3 5.0 6.4 10
(kg)

KAP(cGy. 190 157 454 88
cm2)

Organ organ u organ u organ u organ

dose dose dose dose
(mGy) (mGy) (mGy) (mGy)

Heart 0.69 0.00 0.59 0.00 1.85 0.00 0.43

Lungs 1.96 0.01 1.70 0.01 5.01 0.01 1.20

Stomach 0.67 0.01 0.55 0.01 1.29 0.01 0.30

Colon 0.46 0.01 0.38 0.01 0.45 0.00 0.11

Red bone 1,62 0.20 1.46 0.20 2.28 0.19 0.50
marrow

Gonads 0.03 0.00 0.03 0.00 2.24 0.16 0.01

Bladder 0.17 0.00 0.14 0.00 0.15 0.00 0.04

Liver 0.46 0.00 0.38 0.00 0.85 0.00 0.21

Thyroid 0.53 0.01 0.48 0.01 1.29 0.01 0.29

Brain 0.10 0.00 0.10 0.00 0.10 0.00 0.02

Kidneys 0.99 0.01 0.81 0.01 0.92 0.02 0.26

Spinal 0.75 0.00 0.67 0.00 1.41 0.00 0.40
cord

Spleen 0.51 0.00 0.43 0.00 0.98 0.01 0.24

Eye 0.07 0.01 0.06 0.00 0.06 0.01 0.01
lenses

4 years old 5 year old 5 year old II 11 year old

15 16 18 23

235 568 702 382
u organ u organ u organ u organ u

dose dose dose dose

(mGy) (mGy) (mGy) (mGy)
0.00 1.49 0.00 2.00 0.00 2.04 0.00 1.27 0.00
0.00 4.09 0.01 6.95 0.02 7.67 0.02 4.62 0.01
0.00 0.74 0.01 1.24 0.01 1.08 0.01 0.65 0.00
0.00 0.24 0.00 0.69 0.01 0.70 0.02 0.30 0.01
0.16 1.20 0.17 2.84 0.16 4.16 0.04 2.04 0.24
0.00 0.02 0.00 3.20 0.11 3.31 0.12 0.01 0.00
0.00 0.07 0.00 0.10 0.00 0.12 0.00 0.03 0.00
0.00 0.63 0.00 1.22 0.00 1.08 0.00 0.79 0.00
0.00 0.63 0.00 1.42 0.01 2.60 0.02 0.58 0.00
0.00 0.04 0.00 0.12 0.00 0.26 0.00 0.04 0.00
0.00 0.62 0.01 1.60 0.01 1.48 0.01 0.73 0.00
0.00 1.26 0.01 2.01 0.00 2.38 0.00 1.19 0.00
0.00 0.68 0.00 1.54 0.00 1.30 0.00 0.77 0.00
0.00 0.03 0.00 0.07 0.01 0.11 0.01 0.03 0.00
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Fig. 11. Selected organ doses vs KAP (cGy e cm?).
Table 15
Organ dose to KAP conversion coefficient from the linear fits.
Organ conversion coefficient (mGy/Gy e cm?) R?
Lungs 1.168 0.941
Red Bone Marrow 0.559 0.897
Heart 0.349 0.764
Spinal Cord 0.347 0.912
Thyroid 0.293 0.842
Spleen 0.222 0.860
Liver 0.190 0.835

cGy-cmz, 1 248 cGy~cm2, 2191 cGy~cm2, 5 663 cGy~cm2 and 2 345
¢Gy-cm? for the same respective weight groups.

When applying the recommended RP 185 wt groups, for CA the
LDRLS were: 140 cGy-cm? for the < 5 kg group, 148 cGy-cm? for the 5-<
15 kg group, 841 cGy-cm? for the 15-< 30 kg group, 867 cGy-cm? for the
30-< 50 kg group, and 1870 ¢Gy-cm? for the 50-< 80 kg group. For PCI
these values were 76 cGy-cm?, 227 cGy-cm?, 667 cGy-cm?, 2067
¢Gy-cm? and 2398 ¢Gy-cm? for the same respective weight groups.

Comparison with the more recent LDRLs published in the literature
shows that, in the lower weight groups, the CR-CC at HSM/CHULC’s
LDRLs are well optimized relative to other reported values. However.
there is room for optimization in patients with weights above the 15-
<30 kg weight group, in particular for PCI.

The patient cohort at n = 120 does not fully comply with RP 185's
guideline of a minimum of n = 20 values for each group. Nevertheless,
the results obtained still hold local clinical reference and serve as a
possible starting point for more future studies to be performed.

A more detailed dosimetric analysis was performed using Monte
Carlo simulations, measurements with anthropomorphic phantom ABEL
(CRIS ATOM 705) and dosimeters. This allowed the estimation of organ
doses and effective dose in real patient scenarios in an AP projection CA
procedure.

The validation of the Monte Carlo model was made by comparing the
simulations with measurements. This led to simulated doses in the nose
and the heart of 1.56 +0.04uSv and 7.43 4+ 0.17pSv, respectively
within one standard deviation of the mean values obtained with the
measurements.

The optimized model was used to simulate eight real AP projection
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CA procedures, using rescaled voxel phantoms to simulate the patients.
The simulated procedures corresponded to interventional procedures in
patients aged 5 days, 2 months, 11 months, 2 years, 4, years, 5 years
(two), and 11 years old, representative of different age and weight
groups and varying KAP values between 88 and 702 cGy-cm?. The GSF
Baby and Child voxel phantoms were rescaled to have the same weight,
and height as the patients in question, without deforming the phantoms.
Equivalent doses were calculated for all organs.

The calculated effective doses were 2.17 mSv with a KAP of 190
¢Gy-cm? (DCC = 13.820 uSv/cGy-cm?); 1.87 mSv with a KAP of 157
¢Gy-cm? (DCC = 11.910 uSv/cGy-cm?); 3.39 mSv with a KAP of 454
¢Gy-cm? (DCC = 7.470 pSv/cGy-cm?); 0.75 mSv with a KAP of 88
¢Gy-cm? (DCC = 8.600 uSv/cGy-cm?); 2.12 mSv with a KAP of 235
¢Gy-cm? (DCC = 9.030 pSv/cGy-cm?); 4.08 with a KAP of 568 cGy-cm?
(DCC = 7.180 pSv/cGy-cm?); 5.05 mSv with a KAP of 702 ¢Gy-cm? (DCC
= 7.190 pSv/cGy-cm?), and 2.00 mSv with a KAP of 382 ¢Gy-cm? (DCC
=5.240 pSv/cGy~cm2), for the 5-day-old, 2 month-old, 11-month-old, 4-
year-old, 5-year-old (1), 5-year-old(2), and 11-year-old, respectively.

The obtained values for effective dose were shown to have a linear
correlation with the used KAP values, with a goodness-of-fit of R? =
0.9724 and a slope of 7.308 pSv/cGy e cm?. This demonstrates the
clinical applicability of this model, which can be used to determine
effective dose for a patient, knowing the KAP. Similar linear fits were
performed for organ doses alone, yielding worse goodness-of-fits but still
reliable, which can be used to determine organ doses from KAP. Future
work should involve the simulation of more patients to verify this
linearity and divide it in age and weight groups if possible. Also, simu-
lations should be performed in the weight groups 30-<50 kg and > 50 kg
which were not envisaged in this study.

Additionally, the developed model opens the possibility of studying
other procedures of various complexities, enabling the acquisition of
dose information in different organs of paediatric patients.

Finally, this work demonstrated the importance and need to imple-
ment methods for evaluating cumulated doses in paediatric patients
with congenital heart disease. The developed methodology will allow
for the transfer to clinical practice of processes for dose control and
mitigation, contributing to improving radiological protection practices
in interventional cardiology.
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