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Abstract

Entrance surface air kerma (ESAK) values and image quality parameters were
measured and compared for two biplane angiography x-ray systems dedicated
to paediatric interventional cardiology, one equipped with image intensifiers (II)
and the other one with dynamic flat detectors (FDs). Polymethyl methacrylate
phantoms of different thicknesses, ranging from 8 to 16 cm, and a Leeds
TOR 18-FG test object were used. The parameters of the image quality
evaluated were noise, signal-difference-to-noise ratio (SANR), high contrast
spatial resolution (HCSR) and three figures of merit combining entrance doses
and signal-to-noise ratios or HCSR. The comparisons showed a better behaviour
of the II-based system in the low contrast region over the whole interval of
thicknesses. The FD-based system showed a better performance in HCSR.
The FD system evaluated would need around two times more dose than the II
system evaluated to reach a given value of SANR; moreover, a better spatial
resolution was measured (and perceived in conventional monitors) for the
system equipped with flat detectors. According to the results of this paper, the
use of dynamic FD systems does not lead to an automatic reduction in ESAK or
to an automatic improvement in image quality by comparison with II systems.
Any improvement also depends on the setting of the x-ray systems and it should
still be possible to refine these settings for some of the dynamic FDs used in
paediatric cardiology.
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1. Introduction

Patient doses are influenced by many factors at the catheterization laboratories and several
studies show that entrance surface air kerma (ESAK) values during interventional cardiology
(IC) procedures are influenced by the type and setting of angiography x-ray systems and the
different acquisition modes used (Bor et al 2006, Vano et al 2005).

Radiation doses in paediatrics require special attention because of the higher
radiosensitivity of the patients (Bacher et al 2005). The risk of cancer induction by ionizing
radiation is two to three times higher for infants and children than for adults (ICRP 2007).

Several papers reporting phantom (or patient) doses and image quality for IC in adults have
been published and some of them deal with x-ray systems equipped with image intensifiers
(IT) and dynamic flat panel detectors (FDs) (Holmes et al 2004, Tsapaki et al 2004, Bor
et al 2006, Davies et al 2007, Mesbahi et al 2008). Nevertheless, the publications for IC in
paediatrics are scarce.

In modern angiography systems equipped with II, a charge-coupled device (CCD) replaces
the old tube camera and allows more imaging capabilities. Dynamic FDs, based on large
arrays of amorphous silicon photodiodes and thin film transistors in combination with CsI(TI)
scintillators, have the potential to improve image quality with less radiation dose than II (Vano
et al 2005, Davies et al 2007).

Technical comparison between FDs and IT has shown advantages of better ergonomics with
better patient access, insensitivity to magnetic fields, wider dynamic range, the availability
of distortion-free images and an excellent contrast resolution (Grewal and McLean 2005,
Spahn 2005). Some of these advantages can directly be associated with patient dose savings
(Bokou et al 2008).

The goal of this study is to compare ESAK values and some image quality parameters
evaluated from a test object (TO), for two biplane angiography x-ray systems dedicated to
paediatric IC, one equipped with IIs and the other one with dynamic FDs. The comparison was
made using polymethyl methacrylate (PMMA) phantoms of different thicknesses to simulate
paediatric patients.

2. Material and methods

The measurements were made in two biplane angiography x-ray systems used for IC in
paediatrics: Siemens Axiom Artis BC equipped with II and Siemens Axiom Artis dBC
equipped with two dynamic FDs®.

For the one equipped with II, with a generator of 100 kW at 100 kV, three fluoroscopy
modes were available: low (FL), medium (FM) and high dose (FH). All of them were
configured in pulsed mode at 15 pulses s~!. Cine mode (CI) was typically used at 30 frames s~
The system had three fields of view (FOV): 16, 22 and 33 cm. Additional filters, from 0.1
to 0.9 mmCu and virtual collimation were available. The isocentre to the floor distance was
107 cm and the focus to the isocentre distance was 76 cm. The system included internal
selectable post-processing software called dynamic density optimization (DDO).

The FD system was equipped with amorphous silicon detectors of 25 cm in diagonal
dimension and pixel size of 184 um. It also had a generator of 100 kW at 100 kV. Three
fluoroscopy modes were available: FL, FM and FH, all of them configured at 15 pulses s,
whereas cine mode was used at 30 frames s~!. The selectable FOVs were 16, 20 and 25 cm
(diagonal dimension). Additional filters from 0.1 to 0.9 mmCau, virtual collimation and DDO

6 http://www.medical.siemens.com
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were also available in this system. The isocentre to the floor distance was 106 cm and the
focus to the isocentre distance was 75 cm.

2.1. ESAK evaluations

The DIMOND and SENTINEL European protocols were used to characterize both x-ray
systems (Faulkner er al 2008, Simon er al 2008), but in our case they were adapted to
paediatric procedures. PMMA plates of dimensions 25 cm x 25 cm x 1 cm (2 and 3 cm)
were employed to build thicknesses of 8, 12 and 16 cm to simulate paediatric patients. FOVs
of 22 and 25 cm were used for II and FD, respectively, considering that they are the most
common FOVs used in paediatrics. The comparison of image quality was made with the
cine acquisition modes using a specific protocol setting the DDO parameter to zero. The II
system was used only for paediatric cardiology, and the different acquisition protocols were
configured by the Siemens engineer: newborn, infant and child. The FD system, however,
was also used for other procedures, in addition to paediatric cardiology, and had only one
acquisition mode available called ‘paediatric’.

A solid-state detector Unfors Xi (model 8201010-A) with a measurement probe (model
82020030-AXi)’ in contact with the PMMA plates was used to measure incident air kerma
(TAK) (ICRU 2005) for the II system. It was placed inside the radiation beam but not in the
automatic exposure control (AEC) area. To facilitate the comparison of our results to other
measurements, a backscatter (BS) factor 1.3 was used to calculate the ESAK (ICRU 2005).
As for the system with dynamic FDs, a flat ionization chamber (model 20 x 6-60) with a
2026C radiation meter from RadCal® in contact with the PMMA plates was used to measure
ESAK (with BS). Both dosimetry systems (solid-state detector and flat ionization chamber)
were duly calibrated, traceable to official calibration laboratories®!?. Entrance image detector
doses were measured without removing the antiscatter grid and in contact with the grid.

For a PMMA thickness of 4 cm and with the TO at the isocentre, the floor-to-tabletop
distance was 104 cm. The table-to-solid-state detector (or ionization chamber for the FD
system) distance was 1 cm. The tabletop-to-isocentre distance was 3 cm and the focus-to-
detector distance was 74 cm. For 8, 12 and 16 cm of PMMA, this distance was decreased to 72,
70 and 68, respectively, to maintain the TO at the isocentre (the table was moved down 2 cm
when 4 cm of PMMA was added). The II (or FD) was always kept 5 cm from the top side of
the PMMA slab (also to simulate typical clinical working conditions).

Typically, in the cardiac systems (with image intensifiers), the ‘active’ region for AEC is
set to 40-50% of the central area of the detector. For FDs, this criterion changes depending
on different software releases. In our case, we have tested during the experiment that when
the detector was in the periphery of the radiation field the main radiographic parameters (kV,
mA and filtration) demonstrated no appreciable changes.

2.2. Image quality evaluation

A TO (Leeds TOR 18-FG)!' was positioned at the isocentre, in the middle of the
PMMA thickness, during all the measurements, thus providing the best geometry to
simulate real clinical conditions. The image acquisition format was in both x-ray systems

7 http://www.unfors.com/products.php?catid = 19

8 http://www.radcal.com

9 Unfors instruments AB. Certificate no: 142527-20071031. Sweden.

10 The John Perry Radiation Metrology Laboratory, St George’s Hospital, London, UK.
1 http://www.leedstestobjects.com / products/tor/product-tor-18 fg.htm, Leeds, UK.
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Figure 1. Example of how the numerical evaluation was performed. Image corresponds to ‘cine’
acquisition mode with the II system, FOV 22 cm, PMMA thickness 20 cm. ROI 1 used for the
‘signal’ and ROI 2 for the background; ROIs 3—4 used to evaluate the HCSR parameter. The
rectangular structure that appears in the upper side of the image is the solid-state detector.

1024 x 1024 pixels and 12 bits before compression. The image recording format, after
compression, was the standard for cardiology: 512 x 512 pixels and 8 bits. The image
detector (I or FD) was placed 5 cm away from the PMMA surface.

The image quality was evaluated with four numerical parameters (see the definitions
below): noise (N) (Huda er al 2003), signal-difference-to-noise ratio (SANR) (Samei et al
2005), figure of merit (FOM) (Samei et al 2005) and high-contrast spatial resolution (HCSR)
(Vano et al 2008). The SANR had previously been used by some authors as SNR (signal-
to-noise ratio) (Van Engen er al 2006) or CNR (contrast-to-noise ratio) (Huda et al 2003).
This numerical evaluation was always performed on three images (numbers 5, 8 and 10 of
the cine series avoiding the first images to guarantee a proper adjustment of the AEC), to
calculate in each case the mean values and the maximum deviations (MDs) between the three
images, evaluated. Osiris software, version 4.18'%, was used to evaluate the images with an
IBM corporation Intel® Pentium® M processor 1.73 GHz, 198 MHz, 760 MB of RAM (with
a screen mode of 1024 x 768 pixels, IBM ThinkPad LCD Mobile Intel® 915GMGMS)."?

The numerical parameters selected to evaluate the image quality were defined as (see
figure 1 for further details) follows.

1. Noise, N (Huda et al 2003):
SD
N==22 (1
BG
where SDgg is the corresponding standard deviation for the pixel content in a rectangular
region of interest near the low contrast circle number 1 (ROI 2), see figure 1. BG is the

12 http://www.sim.hcuge.ch/osiris /01 Osiris Presentation EN.htm
13 http://www.ibm.com /es/
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background value, the mean value of the pixel content in a rectangular region of interest
near the low contrast circle number 1 (ROI 2) and of the same size as the ROI selected
from inside the circle (figure 1).

2. Signal-difference-to-noise ratio, SANR (Samei et al 2005):

IBG — RO
SDgg

where ROI is the mean value of the pixel content in a rectangular region of interest inside
the circle number 1 (ROI 1), see figure 1.
3. High contrast spatial resolution, HCSR:

HCSR = SD; — SD», 3)

SdNR = , 2)

where SD; is the standard deviation for the pixel content in the ROI 3 (figure 1), inside the

seventh group (arbitrary election to facilitate the numerical evaluation) in the central grid

of TO. SD;, is the standard deviation for the pixel content in the ROI 4 (figure 1), selected

in the periphery of the high contrast groups and representative of the noise in this area.
4. Figures of merit, FOM (Samei et al 2005):

FOMEgsak = SINR® €]
ESAK
FOMpp — SANR? )
DD
FOM — HCSRZ’ ©)
ESAK

where ESAK is measured at the point where the x-ray beam axis enters the PMMA. DD
is the detector (entrance air) dose. Nominal values for DD, according to the specifications
(included in the DICOM header) have been used.

3. Results

Table 1 shows the most relevant radiographic parameters adjusted by the AEC of both x-ray
systems (II and FD) and the measured values of ESAK for the different PMMA thicknesses.

Table 2 shows the image quality parameters measured for both x-ray systems (Il and FD)
and the different PMMA thicknesses.

In table 1, most of the values are taken from the DICOM header of the x-ray systems
as transferred once the fluoroscopy runs or the cine series have been acquired. The two last
columns in table 1 are the experimental values. An inaccuracy of 10% could be attributed
to these values. Typically, for ESAK measurements, without changing the geometry, the
inaccuracy is <3%, but considering that in the II system the measured quantity has been IAK
instead of ESAK, we estimate the total inaccuracy for ESAK values within 10% when using
the BS factor.

The U Mann—Whitney test has been applied to the full set of our experimental results
(ESAK and image quality parameters for the FD and II systems). Values of p < 0.05 were
considered statistically significant. For ESAK no statistical significant global difference
between the FD and II systems existed (with the particular setting of the evaluated units)
(p = 0.954). For image quality parameters, there are significant differences (p < 0.004) for
the three parameters: noise, SANR and HCSR.



Table 1. Tube potential (kVp), tube current (mA), added filter (mmCu), detector dose (nGy / pulse, from DICOM header) and ESAK for all exam protocol, all acquisition modes and all
PMMA thicknesses used in both x-ray systems (FD and II). FL = fluoroscopy low; FM = fluoroscopy medium; FH = fluoroscopy high; CI = cine acquisition.

Tube Tube Tube Tube
Exam Exam potential potential current current Filter Filter Detector Detector ESAK ESAK

PMMA protocol  protocol Acquisition for FD for IT forFD forll  forFD  for Il for dose for dose for FD for IT
(cm) for FD for 1T mode (kVp) (kVp) (mA) (mA) (mmCu) (mmCu) FD (nGy/fr) II (nGy/fr) (uGy/fr) (uGy/fr)
8 Paediatric Infant FL 69.0 77.0 15.0 150 09 0.9 15.0 15.0 0.36 0.32
8 Paediatric Infant FM 76.0 77.0 15.0 220 09 0.9 33.0 32.0 0.62 0.65
8 Paediatric Infant FH 58.0 58.0 128.0 143.0 0.9 0.9 46.0 45.0 1.65 1.52
8 Paediatric Infant CI 63.0 63.0 291.0 367.0 0.6 0.6 174.0 170.0 5.77 5.14
12 Paediatric  Child FL 77.0 77.0 15.0 240 09 0.9 16.0 15.0 1.11 0.80
12 Paediatric Child FM 77.0 77.0 26.0 360 0.9 0.9 33.0 32.0 2.39 1.67
12 Paediatric Child FH * 66.0 * 750 * 0.6 * 45.0 478 3.63
12 Paediatric  Child CI 67.0 67.0 238.0 3340 03 0.3 162.0 169.0 249 17.7
16 Paediatric  Child FL 77.0 77.0 27.0 39.0 0.9 0.9 15.0 15.0 1.59 2.09
16 Paediatric  Child FM 77.0 77.0 46.0 61.0 0.9 0.9 34.0 32.0 3.41 4.27
16 Paediatric  Child FH 66.0 66.0 104.0 1460 0.6 0.6 43.0 45.0 7.50 10.0
16 Paediatric Child CI 68.0 70.0 3640 399.0 0.2 0.1 165.0 170.0 44.8 63.7

“Not available.

T6TL
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Table 2. Noise, SANR, standard deviation for the seventh group in HCSR and figure of merit using
ESAK (FOMgsax’ FOM) and DD (FOMpp) for cine acquisition mode and exam protocol and all
PMMA thicknesses used in the study for both x-ray systems (FD and II).

PMMA X-ray

Noise x

FOMEsak FOMpp

FOM

(cm) system 100 SdNR HCSR (nGy~'(fr)) Gy '(fr)) Gy '(fr))
8 FD 1.27 £ 0.08 84403 73+03 122+09 040+0.03 92+0.3
I 092+0.10 113+14 6.14+£00 251463 0.76 + 0.19 76 £1.0
12 FD 1.41 £ 0.05 714+04 64+£02 20+02 0.31 +=0.03 1.6 0.2
1I 0954+£0.12 10.7+14 6.0%£0.1 65+1.6 0.68 = 0.17 20400
16 FD 1.21 £0.11 77+04 57406 1.3£0.1 036 +0.04 0.73 £0.03
I 0.88+007 11.1+£0.8 47+04 20+02 0.73+£0.10 0.334+0.04
8 cm PMMA
Image intensifier Flat detector

ESAK =5.14 (uGy/fr )

PR A
ESAK =5.77 (nGy/fr )

Figure 2. SANR and ESAK values for II (left) and FD (right) in cine acquisition and a thickness of
8 cm PMMA. The structure that appears in the right image is the wall of the ionization chamber.

Figures 2—4 show examples of low contrast circles and high contrast bar groups obtained
for both x-ray systems for 8§ cm and 16 cm PMMA.

4. Discussion

According to the results shown in table 1, entrance doses per frame in fluoroscopy and cine
acquisition are different in both systems. The II system (for the evaluated configuration)
seems to deliver lower dose values for the thicknesses of 8 cm PMMA and 12 cm PMMA,
with an average decrease of about 17% compared to the FD system (also, for the particular
evaluated configuration), whereas the FD system registers smaller doses for the thickness of
16 cm PMMA, with an average decrease of about 25%. It could roughly be said that the



7294

E Vano et al

8 cm PMMA
Image intensifier Flat detector

%

ESAK =5.14 (nGy/fr ) ESAK =5.77 (uGy/fr )

Figure 3. HCSR and ESAK values for II (left) and FD (right) in cine acquisition and a thickness
of 8 cm PMMA.

16 cm PMMA
Image intensifier Flat detector

ESAK = 63.7 (uGy/fr ) ESAK = 44.8 (nGy/fr )

Figure 4. HCSR and ESAK values for II (left) and FD (right) in cine acquisition and a thickness
of 16 cm PMMA.

II system seems to be better adjusted for paediatrics as far as the dose is concerned. This
could be related to the fact that three different protocols for paediatrics (newborn, infant
and child) were available in the II system, whereas only one mode was available in the FD
system. Notwithstanding, when comparing the ESAK values for all the operation modes and
all the PMMA thicknesses the global difference between the two systems is not statistically
significant. Nevertheless, the impact of these small differences on doses to patients in clinical
practice is likely to be negligible. Several authors (Tsapaki et al 2004, Trianni and Padovani
2005, Davies et al 2007) have shown that differences in entrance dose rates bigger than those
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found in this paper do not imply a reduction of patient doses during clinical procedures,
which confirms the importance of both the operation modes and the skills of the cardiologists.
Anyhow, in the case of a same operator using the system with the same acquisition protocol,
it seems obvious that, if the x-ray system is set with lower dose/frame and the image quality
is good enough, the patient doses should be decreased.

Between 8 cm PMMA and 16 cm, SANR values for the II system vary by less than
3%, while for the FD system this variation is less than 8%. Both values are reasonable if
we take into account that the ESAK per frame increases by a factor of 12 (from 5.14 to
63.7 uGy/frame) for the II system and of 8 (from 5.77 to 44.8 uGy/frame) for the FD system
(see tables 1 and 2). However, SANR values are bigger for the II system than for the FD system
over the whole range of thicknesses. Noise values are also lower for the II system than for
the FD system (around a 40%). This difference in image quality for the low contrast region
can be clearly observed in figure 2, in spite of the loss of image quality of the printed pictures
compared to the original ones.

When applying the statistical U Mann—Whitney test for all the operation modes and the
three thicknessess of PMMA used for the experiment, the differences for noise, SANR and
HCSR are significant.

Table 2 shows better values of FOMpp and FOMggax for the II system over the whole
interval of thicknesses. Note that the conditions kVp/filter established by the AEC for both
systems are the same for 8 and 12 cm PMMA and very similar for 16 cm PMMA. This implies
that the values of the corresponding FOMs refer to the same beam quality. As a result, it
seems that for the systems evaluated and with the existing settings, the FD system would need
around two times more dose than the II system to reach a given value of SANR for a given
spectrum (the average ratio of the FOMs).

It has to be noted that, when thicknesses increase, the differences in the values of the
FOMs decrease between both systems. This would mean that the II system analysed gives
better results than the FD system for paediatrics when dose as well as SNR in the low contrast
region are taken into account. But these results should by no means be extrapolated to adult
protocols.

Moreover, a better behaviour in the high contrast region has resulted for the FD system,
as can be appreciated in figures 3 and 4. Values of the HCSR parameter are bigger in this case
in the whole range. When we consider the FOM for this parameter, it shows better values for
the FD system over the whole interval of thicknesses (except for 12 cm of PMMA).

Several authors had already reported that the adoption of FD technology would not
automatically lead to dose benefits or image quality improvement. Trianni and Padovani
(2005) reported an inferior low-contrast resolution and a higher spatial resolution for the FD
system as compared to the II system. The evaluation of the image quality was carried out
using a Leeds 18-FG test object in a subjective way, with different observers judging the
perceptibility of low contrast discs and high contrast line pairs in the phantom. The two
systems compared in that case were made by different manufacturers (II by Philips and FD by
General Electric), which make the results even more difficult to interpret. Tsapaki et al (2004)
compared two models of the system Philips Integris Allura and found higher doses in the FD
version, compared to the CCD-based version, and similar image qualities. Davies et al (2007)
indicated that, despite higher performance for FD over II, neither a better image quality nor
a reduction of dose to patients was observed under clinical conditions. All these results are
consistent with the ones given in this paper.

However, other authors have reported different findings. Bogaert er al (2009) found a
better image quality in cinegraphy mode for a FD version of a Siemens Axiom Artis monoplane
system as compared to the II version of the same system, although not for the fluoroscopy
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range. In this case, a phantom of 20 cm PMMA was used to simulate an adult patient. Vano
et al (2005) also reported an improvement of image quality in cine acquisition set for adult
protocols in cardiology in a Siemens Axiom Artis initially installed with II and later upgraded
with a dynamic FD. These two studies are especially interesting because while they both
refer to Siemens Axiom Artis systems, they differ from our findings. Our entrance dose rates
for cine acquisition (paediatric range) are comparable to the fluoroscopy rates measured by
Bogaert (adult protocol), due to the smaller thicknesses of our phantoms. Notwithstanding,
our doses correspond to the cinegraphy range (80—400 nGy/pulse), which makes our results
different from the Bogaert’s and Vano’s previous findings.

5. Conclusions

The use of dynamic FD systems does not lead to an automatic reduction in ESAK or to an
automatic improvement in image quality and does not mean an improvement when compared
to II systems. This improvement depends on the setting of the x-ray systems and the results of
the present paper demonstrate that refinements should be made in the settings of the dynamic
FD used in paediatric cardiology.
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