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ABSTRACT

The optimized methodology and results of the new characterization in terms of dose and image quality of the
X-ray system used in the main pediatric hemodynamics service in Chile are presented. In addition, scattered dose rate
values at the operator’s eye level are reported for all acquisition modes available in different thicknesses of absorbent
media and angiography. The characterization was performed according to the European DIMOND and SENTINEL
protocols adapted to pediatric procedures. The air kerma at the entrance surface (ESAK) was measured and the image
quality parameters signal-to-noise ratio (SNR) and a figure of merit (FOM) were calculated. The scattered dose rate was
measured in personal dose equivalent units. The ESAK for fluoroscopic modes ranged from 0.2 to 35.6 uGy/image
when passing from 4 to 20 cm of polymethyl methacrylate (PMMA). For the cine mode, these values ranged from 2.8 to
160.1 nGy/image. The values of the image quality parameters showed a correct system configuration, although abnor-
mal values were observed in the medium fluoroscopic mode. As for the scattered dose rate at the level of the cardiolo-
gist’s eyes, the highest value is PMMA with a thickness of 20 cm, where the cine mode reached 9.41 mSv-h-1. The dif-
ferences found from previous evaluations can be explained by the deterioration of the system and the change of one of
the X-ray tubes.
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1. Introduction

Medical applications currently represent the main source of artifi-
cial exposure of the world’s population to ionizing radiation, particu-
larly computed tomography and interventional radiology procedurest™.
According to the US National Council on Radiation Protection and
Measurements, interventional radiology procedures were identified as
the third largest contributor to collective dose (average dose to a popu-
lation), after computed tomography and nuclear medicine®.

Every interventional cardiology procedure involves a risk to the
health of patients, operators and the general public. The primary objec-
tive of radiation protection is to provide an appropriate standard of pro-
tection for people and the environment, without unduly limiting these
practices. The three fundamental principles of radiation protection are
justification, optimization and the application of dose limits. For the
patient, the first two principles are used, highlighting within optimiza-
tion the definition of diagnostic reference levels. For personnel and the
general public, the use of dose limits is the essential tool for avoiding

24



deterministic effects and minimizing the occurrence
of stochastic effects®],

It has been reported that children are more
sensitive to ionizing radiation because they have a
longer life expectancy!. As a result, they are at
greater risk of developing and manifesting the
harmful effects of ionizing radiation. This greater
radiosensitivity is due to the fact that their cells
have a high mitotic index and many of them are not
yet differentiated, which means that their genetic
material can be exposed for a longer time to ioniz-
ing radiation®.

In the case of medical personnel, it is known
that eye exposure can cause lens opacity® due to
the co-aggregation of lens proteins by ionizing ra-
diation. Haskal demonstrated radiation-induced
cataracts in 8% of 59 interventional radiologists
attending a scientific meeting in New York. In addi-
tion, studies conducted by the International Atomic
Energy Agency (IAEA), called “Retrospective
Evaluation of Lens Lesions and Dose”™® and initi-
ated since 2008, obtained data on the high percent-
age of lens opacities in medical personnel when
radiation protection tools were not used®*. With
this and other antecedents, in April 2011 the Inter-
national Commission on Radiological Protection
(ICRP) published a statement announcing a reduc-
tion in the dose thresholds for this organ. For medi-
cal personnel, the ICRP now recommends a dose
limit equivalent to the lens of the eye of 20 mSv in
one year, averaged over a period of 5 years, without
exceeding 50 mSv in one year™*2.

To reduce the risks associated with ionizing
radiation, both to patients and medical staff during
fluoroscopic X-ray procedures, adequate training in
protection and the implementation of Quality As-
surance programs are recommended™>*4,

X-ray systems used in pediatric interventional
procedures are complex to evaluate, due to the dif-
ferent models and technologies available on the
market, as well as their multiple configuration op-
tions and acquisition modes. Sometimes, medical
specialists do not have standard criteria to compare
the advantages and disadvantages among the avail-
able technologies, nor to select which is the best
option among the different acquisition modes. Thus,
the characterization or evaluation of these systems

in terms of dose and image quality using test ob-
jects offers a wide range of useful data to under-
stand the characteristics of angiographs, allowing
the selection of the most appropriate protocols and
acquisition modes for different procedures and pa-
tient sizes.

Therefore, this paper presents the optimized
methodology and results of the new characterization
performed in 2013 in terms of dose and image qual-
ity of the X-ray system used in the main pediatric
hemodynamics service in Chile. In addition, the
values of the scattered dose rate at the level of the
eyes of the operators in different thicknesses of ab-
sorbent medium and in all acquisition modes avail-
able in the equipment are presented.

2. Material and method

A Siemens Axiom Artis BC biplane angio-
graph equipped with image intensifier (Siemens AG,
Germany) belonging to the Department of Hemo-
dynamics of the Hospital Dr. Luis Calvo MacKenna,
Santiago, Chile, was characterized. The angiograph
was equipped with a 100 kW generator at 100 KV,
installed in 2006 and adapted for pediatric proce-
dures, with an anti-diffusing grating (Siemens
05660217) with a 17:1 grating ratio, 70 lines/cm,
and 100 cm focal distance. In 2012, the vertical
C-arc X-ray tube was changed. The image intensi-
fiers had a maximum diameter of 33 cm and allow
three field sizes (33, 22, and 17 cm). The system
was configured by the local Siemens service with
three examination protocols (newborn, infant and
child), three fluoroscopy modes (low (FL), medium
(FM) and high dose (FH)) with 15 images (pulses)/s,
and a single acquisition mode or cine (CI) with 30
images/s. In addition, filters from 0.1 to 0.9 mm Cu
and virtual collimation were also available. The
distance from the floor to the isocenter was 107 cm
and the isocenter focus distance was 76 cm.

The methodology for this type of evaluation
has been developed in the framework of research
programs of the European Commission, such as:
“Dose and image quality in digital imaging and in-
terventional radiology”™ and “Safety and efficacy
for new imaging techniques using new equipment
to support European legislation” (SENTINEL)!®,
Since 2008, Chile has been working to optimize this

25



Image intensifier

/

TOR FG-18

Personal equivalent dose

ey

ol
/ .

\
77 cm

———s PMMA sheets
Table
= 170 cm

Air kerma incident
74 cm

Flat J&

il

i > 104 cm
X-ray

tube

Figure 1. Schematic with details of the characterization and measurements of the scattered dose.

proposal through a series of publications™"?%,

Measurements were performed using 25 < 25
x 1 cm polymethylmethacrylate (PMMA) sheets,
constructing thicknesses of 4, 8, 12, 16 and 20 cm.
The ratio between the PMMA and patient chest
can be considered as —1.5™1. An Unfors Xi solid
detector (model 8201010-A) with a measuring
probe was used to determine the dose rate at the
entrance and an Unfors EED-30 system (model
8131010-C) was used to measure the scattered dose
rate at the cardiologist’s position. Both instruments
were calibrated at Unfors RaySafe laboratories in
2013.

A Leeds TOR 18-FG test object (Leeds Test
Objects Inc., Boroughbridge, UK) was used to
evaluate aspects of image quality. The object con-
tains a set of 14 groups of line pairs for high con-
trast spatial resolution (with a limit of 5 lines
pairs/mm) and 18 circles (11 mm diameter) for low
contrast threshold evaluation. This test object is de-
signed to provide a continuous verification of im-
aging performance in fluoroscopic systems. The test
object was positioned at the isocenter and at the
center of the PMMA thickness during all measure-
ments.

2.1 Dosage at entry

The dosimetric magnitude measured in contact
with the PMMA thickeners was the incident air
kerma (IAK), however, to facilitate the comparison
of our results these values were expressed in terms
of air kerma at the entrance surface (ESAK), for
which the IAK values were multiplied by

the backscatter factor of 1.3%%.

For a thickness of 4 cm of PMMA and with the
test object at the isocenter, the distance from the
table (measured from its top face) to the ground was
104 cm. The distance from the table to the Unfors
Xi detector was 1 cm. The distance from the table to
the isocenter was 3 ¢cm, and the distance from the
focus to the X-ray detector (Unfors Xi) was 74 cm
(Figure 1). For 8, 12, 16 and 20 cm of PMMA, this
distance was reduced to 72, 70, 68 and 66, respec-
tively, in order to keep the test object at the isocen-
ter (the table was shifted down by 2 cm when 4 cm
of PMMA was added). The image intensifier was
always kept 5 cm from the top of the PMMA plates
(also to simulate typical clinical working condi-
tions).

Due to the numerous measurements performed
(for 4, 8, 12, 16 and 20 cm PMMA) for all acquisi-
tion modes, a field size of 22 cm was used, and to
avoid errors in dose estimations, the images of the
test object were recorded simultaneously (Figure
2).

2.2 Image quality

The DICOM images obtained were stored in
1024 = 1024 pixels and 8-bit format (fluoroscopy
series) and 512 =512 pixels and 8-bit format (cine
series) on the workstation of the X-ray system and
recorded on CD-ROMs for further analysis. The
images were evaluated using Osiris version 4.18
software. Image quality was evaluated by analyzing
the low contrast circles in images 10, 12 and 15 of
each saved series. Figure 2 shows the selection of
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the ROIs (rectangular) for numerical analysis,
through the following parameters™*®:
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Figure 2. Example of one of the images of the test object used
for numerical quality assessment. The image corresponds to cine
mode, FOV 22 cm and 8 cm of PMMA.

Signal-to-noise ratio:
[BG-ROI]

J(SD;O. +SDo)
2

SNR =

1)

where BG: background value, the mean value

of the pixel content in the rectangular region of in-
terest near the low-contrast circle number 1 (ROI 2);
ROI: mean value of the pixel content in the selected

region of interest inside the circle number 1 (ROI 1);
SDgror and SDgg: standard deviation for ROl and
BG (Figure 2), and

(2) Figure of merit:

SNR*
FOM\= EsAK

)

where ESAK: kerma air at the entrance surface,

at the point where the X-ray beam axis is incident
on the PMMA.

2.3 Dose dispersed to the operator

The operational magnitude measured as scat-
tered dose in the simulated position of the cardiolo-
gist’s eyes was the personal equivalent dose Hp (10),
which is an estimate of the equivalent dose in soft
tissue at a depth of 10 mm®?. These measurements
were performed without any type of radiological
protection element, thus simulating the maximum
irradiation conditions for the personnel. The Unfors
EED-30 detector (model 8131010-C) was posi-
tioned 0.77 m from the isocenter and 1.7 m from the
floor (Figure 1). It should be noted that these
measurements were carried out in conjunction with
the determination of the PMMA incoming dose rate
and the evaluation of image quality.

Table 1. Kerma air at the inlet surface (ESAK) per image, number of images, additional filter, tube potential and tube current for the
different acquisition modes, examination protocols and all PMMA thicknesses

Mode of Protocol PMMA ESAK N< ESAK Tube poten- Tube cur-  Filter
acquisition of examination  (cm) (mGy/min) images nGy/images) tial (kVp) rent (mA) (mmCu)
FL Newborn 0.11 0.2 715 18.0 0.9
FM Newborn 0.18 0.3 77.0 18.3 0.9
FH Newborn 0.23 0.4 58.0 79.4 0.9
Cl Newborn 5.08 2.8 52.7 98.6 0.2
FL Infant 0.23 0.4 77.0 26.7 0.9
FM Infant 0.40 0.7 77.0 26.7 0.9
FH Infant 0.91 15 58.0 79.4 0.9
Cl Infant 13.54 75 52.7 98.6 0.3
FL Child 0.47 0.8 77.0 30.6 0.9
FM Child 0.90 15 77.0 39.0 0.9
FH Child 2.06 34 66.0 80.9 0.6
Cl Child 19.29 10.7 61.0 230 0.6
FL Child 1.23 21 70.0 44.9 0.9
FM Child 2.40 4.0 77.0 57.5 0.9
FH Child 5.48 9.1 66.0 142.6 0.6
Cl Child 57.54 32.0 76.6 346.1 0.3
FL Child 3.89 6.5 77.0 69.5 0.9
FM Child 6.51 10.9 77.0 88.8 0.9
FH Child 21.35 35.6 68.0 161.7 0.3
Cl Child 288.13 160.1 85.0 327.3 0.0
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3. Results the numerical parameters SNR and FOM for the
different acquisition modes of the equipment and
PMMA thicknesses.

Figure 5 illustrates the personal dose equiva-
lent values expressed in units of mSv-h™ for the
different equipment acquisition modes and PMMA
thicknesses.

Table 1 shows the ESAK values for the dif-
ferent acquisition modes, available proto-colors,
PMMA thicknesses and number of images per sec-
ond. In addition, the exposure factors for each of
the conditions and their respective added filters are
shown.

Figures 3 and 4 show the values achieved for
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Figure 3. Signal-to-noise ratio (SNR) values for the different simulated patient thicknesses and operating modes (low (FL), medium
(FM), high (FH) and cine (CI) fluoroscopy). Field size: 22 cm.
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Figure 4. Figure of merit (FOM) values for the different simulated patient thicknesses and operating modes (low fluoroscopy (FL),
medium (FM), high (FH) and cine (CI)). Field size: 22 cm.
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Figure 5. Scattered dose values (personal equivalent dose) at the position of the cardiologist’s eyes for the different simulated patient
thicknesses and operating modes (low fluoroscopy (FL), medium (FM), high (FH) and cine (CI)). Field size: 22 cm.
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4. Discussion

In Latin America and the Caribbean, pediatric
interventional cardiology procedures are per-
formed by pediatric cardiology specialists, who in
some cases do not have specific training in radio-
logical imaging and radiological protection. In ad-
dition, quality controls are not carried out on a per-
manent basis, nor are quality assurance programs
implemented, according to IAEA data for the re-
gion®!,

The IAEA, aware of this situation in Latin
America and the Caribbean, has implemented two
technical cooperation projects entitled “Radiologi-
cal protection of patients during medical examina-
tions (TSA3), RLA/9/057°24 and “Ensuring radio-
logical protection of patients during medical
examinations (TSA3), RLA/9/067”%]. In both pro-
jects, Chile has led the study in the fields of dose
and image quality characterization of X-ray sys-
tems'82026281 a5 well as dosimetry and radiologi-
cal protection for pediatric patients**! and medi-
cal personnel®®3 involved in interventional
cardiology procedures, which is why it is being
considered as a model for extending its experience
to other countries.

In Ubeda et al.B® these works and future
challenges are discussed in detail, highlighting the
importance of permanently evaluating X-ray sys-
tems in terms of dose and image quality, as well as
the levels of different radiation to which medical
personnel are exposed. To achieve this, it becomes
urgent to review our legal framework in the field of
radiation safety.

4.1 Dose at PMMA inlet

The ESAK for FL acquisition mode ranged
from 0.2 to 6.5 pGy/image, when the PMMA
thickness was increased from 4 to 20 cm. For the
FM acquisition mode, the ESAK ranged from 0.3 to
10.9 uGy/image, for the same PMMA thicknesses.
For the FH acquisition mode, the ESAK values
varied between 0.4 and 35.6 u Gy/image. For the
Cl acquisition mode, the range was between 2.8 and
160.1 uGy/image (Table 1).

In general, these dose values were similar to
those described in previous works where this sys-
tem was evaluated™*®! which demonstrates a con-

stancy over time despite having changed the X-ray
tube a few months before this characterization.

It is also relevant to indicate that the increase
in the dose at the PMMA entrance due to the size in
our simulated patients was between 50 and 60 times
for the fluoroscopy and cine modes, respectively.
Finally, it should be noted that the dose savings that
can be generated for the patient, if the lower dose
fluoroscopic (FL) mode is used instead of the IC
mode for archiving our examinations, would be 13
to 25 times.

4.2 Image quality

The numerical parameter SNR should be high-
er when changing from the lower dose mode (FL)
to the higher dose mode (CI) in all PMMA thick-
nesses analyzed, a situation that, according to Fig-
ure 3, occurs for all acquisition modes, except for
the intermediate fluoroscopic dose mode (FM), a
situation that is confirmed in Figure 5. This is an
indication that this fluoroscopic acquisition mode
needs to be reviewed and adjusted by the technical
service, as was done in 2008™8. Another variable to
consider in this analysis is the influence of the pa-
tient’s thickness and how the X-ray system as a
whole, through the auto-automatic exposure control,
adjusts the parameters of potential, tube current and
copper filters (Table 1). In comparison with the
work done in 200828 the SNR values for the IC
mode decreased steadily with the increase of
PMMA thickness.

According to Figure 5, it is highly recom-
mended to use the FL mode over the other options,
since it provides the highest FOM values. The FOM
parameter has been used by other auto-res®***: to
optimize signal detectability in digital images. This
parameter makes it possible to relate image quality
and the dose required to obtain that image, which
gives an objective indication of the cost/benefit ra-
tio for the patient when exposed to radiation.

4.3 Dose dispersed to the operator

Figure 5 shows the scattered dose rate meas-
ured with the X-ray tube in the vertical location of
the C-arc, in the usual position of the cardiologist’s
eyes, unprotected for the three fluoroscopic modes
and for cine mode. The figure also shows the varia-
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tion of the dispersed dose rate for the different ex-
amination protocols. As expected, the highest val-
ues were for the 20 cm thickness of PMMA, where
the CI mode was equal to 9.41 mSv-h™. In the case
of FL mode, its dose rate was 41 times lower.

5. Conclusion

The main X-ray system used exclusively for
pediatric interventional cardiology procedures in
Chile was again characterized in terms of dose and
image quality. In addition, the levels of scattered
radiation in the simulated position of the cardiolo-
gist’s eyes were evaluated. The results achieved in
these evaluations were relatively similar to those
obtained previously; however, the inherent deterio-
ration of the system as a whole, as well as the
change of the vertical C-arc X-ray tube, may partly
explain the variations.

Finally, it is urgent to update the Chilean legal
framework so that this type of procedure becomes
mandatory.
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