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Abstract

Objective To investigate optimal beam quality for chest flat panel detector (FPD) system by semi-quantitatively assessment using
a realistic lung phantom.

Materials and methods Chest FPD radiographs were obtained on a realistic lung phantom with simulated lung opacities using
various X-ray tube voltage levels (90-140 kV) with/without copper filter. Entrance skin dose was set to maintain identical for all
images (0.1 mGy). Three chest radiologists unaware of the exposure settings independently evaluated the image quality of each
simulated opacity and normal structure using a 5-point scale (+ 2: clearly superior to the standard; + 1: slightly superior to the
standard; O: equal to the standard; — 1: slightly inferior to the standard; — 2: clearly inferior to the standard). The traditional FPD
image obtained at a tube voltage of 120 kV was used as the standard. The scores of image quality were statistically compared
using the Wilcoxon rank test with Bonferroni correction.

Results FPD images using 90-kV shot with copper filter were superior to the traditional 120-kV shot without filter with respect to
the visibility of vertebra, pulmonary vessels, and nodules overlapping diaphragm and heart (p < 0.05). There was no significant
difference with respect to the visibility of all other simulated lung opacities (lung nodules except for overlying diaphragm/heart
and honeycomb opacity) between each tube voltage level with/without copper filter and the traditional 120-kV shot without filter.
Conclusion Image quality of FPD images using 90 kV with copper filtration is superior to that using standard tube voltage when
dose is identical.

Key Points

* FPD image quality using 90 kV with filter is superior to that using traditional beam.

* Ninety-kilovolt shot with copper filter may be suitable for chest FPD image.

* Clinical study dealing with chest FPD beam optimization would be warranted.

Keywords Digital radiography - Chest radiography - Physics - Dose - Image quality

Abbreviations FPD Flat panel detector
CNRs  Contrast-to-noise ratios ICC Intraclass correlation coefficients
CR Computed radiography PMMA Polymethyl methacrylate
DR Digital radiography
ESD Entrance skin dose
Introduction
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dynamic range and image processing, which allows overexpo-
sure with no effect on image quality [1, 2]. Therefore, it is
necessary to determine optimal beam quality for DR systems.

According to the American College of Radiology standards
for the performance of chest radiography, a high-kilovoltage
technique (120 to 150 kV) is recommended for a posteroanterior
chest radiograph in adults [3]. In Japan, chest DR is performed
with a tube voltage of 120.9 +8.0 kV (total filtration, 3.6 + 1.5-
mm Al equivalent, without copper filter at most institutions), and
the mean skin dose of chest radiograph showed an increasing
tendency (0.21 mGy in 2001 and 0.28 mGy in 2014) [4, 5]. On
the other hand, some previous studies reported that the image
contrast of chest CR at a tube voltage of 90100 kV was identical
to that using a high tube voltage [6, 7] and others reported an
improved signal-to-noise ratio with DR systems when images
were acquired with lower voltage [8—10]. Further optimization
of DR systems could possibly reduce the dose.

FPD system is becoming the mainstream of chest radiog-
raphy due to excellent image quality and lower radiation ex-
posure. Although there is a lot of room for improvement in the
X-ray spectrum of FPD, there were no studies for evaluating
optimal beam quality for chest FPD system by qualitative
assessment using a realistic lung phantom.

The purpose of this study was to qualitatively investigate
how beam optimization contributes to the improvement of
image quality using a realistic lung phantom.

Materials and methods
Radiographic technique

An X-ray high-voltage generator (RADIOTEX, Shimadzu)
with an X-ray tube having a 0.6 % 1.2-mm focal size (P18DE-
811, Shimadzu) was used. A moving grid having a 10:1 ratio
(40 lines/cm) was used for all radiographic exposures in this
study. All images were obtained by a cesium iodide-amorphous
silicon indirect FPD unit (CALNEO Smart C47, Fuji Film)
using automatic image processing mode. The size of the detec-
tor area of the flat panel unit was 35 x 43 cm (matrix size,
2373 x 2880; gray level, 12 bits; pixel size, 0.15 mm).

Lung phantom

A commercially available realistic chest phantom (N-1, Kyoto
Kagaku) was used in this study [11-13]. The phantom
consisted of an accurate life-size anatomical model of a male
thorax with soft tissue substitute materials made of polyure-
thane resin composites and synthetic bones made of epoxy
resin with X-ray absorption rates close to those of human
tissue. The space between the pulmonary vessels in the tho-
racic cavity consisted of air. The phantom measured 43 x 40 x
48 cm in dimension with a chest girth of 94 cm. Ten simulated

nodules and one simulated honeycomb opacity were enclosed
in the lung (Fig. 1). Simulated nodules were 10 mm in diam-
eter with spherical shapes and their attenuation values were +
30, — 375, and — 620 HU, corresponding to the solid nodule,
subsolid nodule, and ground-glass nodule on CT.

FPD image variables

First, in order to determine beam qualities to be compared, we
investigated the contrast-to-noise ratios (CNRs) of simulated
nodules on the FPD image using polymethyl methacrylate
(PMMA) plates phantom inserted three different CT number
nodules (diameter 10 mm, CT number + 30, — 375, —620).
The results showed that the CNRs of all three simulated nodules
on the FPD images using 80—100-kV shot with copper filter were
superior to those using 120-140-kV shot without filter (Fig. 2).
Based on this result, chest FPD radiographs were obtained on a
lung phantom with simulated lung opacities using various X-ray
tube voltage levels with or without copper filter: (1) 90 kV with
0.2-mm filter, 8.8 mAs; (2) 90 kV with 0.15-mm filter, 7.1 mAs;
(3) 100 kV with 0.2-mm filter, 6.4 mAs; (4) 100 kV with 0.1-mm
filter, 4.5 mAs; (5) 100 kV without filter, 2.88 mAs; (6) 120 kV
without filter, 1.92 mAs; (7) 120 kV with 0.2-mm filter, 3.6 mAs;
(8) 140 kV without filter, 1.44 mAs. The detector-focus distance
was 200 cm. Lung phantom images with different beam qualities
were prepared by adjusting the milliampere-second value to
maintain ESD identical (0.1 mGy) for all images. The ESD
was obtained based on the previously described method [14].
The irradiation dose was measured in the free-in-air at a position
of 177 cm which is the distance between the source and the
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Fig. 1 Radiograph of realistic lung phantom. Arrows indicate simulated
nodules and a simulated honeycomb opacity
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Fig. 2 Contrast-to-noise ratio (CNR) of simulated lung nodules accord-
ing to using various X-ray tube voltage levels with or without copper
using a 10-cm PMMA phantom under identical entrance skin dose

incident skin surface of the lung phantom. Dosimetry of various
X-ray energies was performed using Radcal 1015 and
9060/10%x5-60 ionization chamber dosimeter (Radcal
Corporation). The ionization chamber dosimeters used were a
tertiary standard, calibrated at a laboratory of the Japan Quality
Assurance Organization. The values of the irradiation dose in
roentgen or coulomb-per-kilogram obtained with the ion-
chamber dosimeters were multiplied by backscatter coefficient,
and the dose values were converted to the values of absorbed
dose for soft tissue by using the ratio of mass energy absorption
coefficient of “tissue, soft (ICRU-44)” to that of “air, dry (near
sea level)” [15]. The milliampere-second was put manually. A
0.1-mm, a 0.15-mm, and a 0.2-mm copper filters backed by 1.0-
mm aluminum were used for this study.

Qualitative assessment

Three chest radiologists independently evaluated the image
quality of each simulated opacity and normal structure (vertebra
and pulmonary vessels) using a 5-point scale. The traditional
FPD image obtained at a tube voltage of 120 kV without copper
filter was used as the standard (+ 2: the observed image clearly
superior to the standard; + 1: the image slightly superior to the
standard; 0: the image equal to the standard; — 1: the image
slightly inferior to the standard; — 2: the image clearly inferior
to the standard). The observers were blinded to the tube volt-
ages and the usage of the copper filter. On the other hand, they
were aware of the locations of the simulated opacities. There
were three sets of image samples showing simulated opacities
for the phantom lung. The scores of the three observers for a
given set of images were totaled for each simulated opacity at
each image and the averages per set were calculated.
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(0.1 mGy). CT attenuation values of the nodules were + 30 HU (a), —
375 HU (b), and — 620 HU (¢)

Statistical method

The scores in image quality of each simulated opacity and
normal structure were statistically compared using the
Wilcoxon rank test. Bonferroni correction for post hoc
pairwise analysis was performed to adjust for multiple com-
parisons. The level of significance was set at p values less than
0.05. Interobserver repeatability was assessed by intraclass
correlation coefficients (ICC): ICC 0-0.2 indicates poor
agreement; 0.3—0.4 indicates fair agreement; 0.5-0.6 indicates
moderate agreement; 0.7-0.8 indicates strong agreement; and
> 0.8 indicates excellent agreement [16]. All calculations were
performed by using IBM SPSS Statistics, version 22.0 (IBM).

Results

Average scores for each simulated opacity and normal structure
are summarized in Table 1. FPD images using 90-kV shot with
0.15- and 0.2-mm copper filters were superior to the traditional
120-kV shot without filter with respect to the visibility of verte-
bra, and nodules overlying right diaphragm and heart (p < 0.05)
(Fig. 3). As for the visibility of pulmonary vessels, FPD image
using 90-kV shot with 0.15-mm copper filters was also superior
to the 120-kV shot without filter. Although FPD images using
100-kV shot with copper filters were superior to the traditional
images with respect to the visibility of vertebra, there was no
significant difference with respect to the visibility of the other
simulated lung opacities. FPD images using 140-kV shot with-
out filter were inferior to the traditional images with respect to
the visibility of vertebra and pulmonary vessels. The ICC
showed an excellent interobserver agreement in the qualitative
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Table 1 Summary of average image scores for simulated opacities

Simulated opacity and normal structure Tube voltage and copper filter

(attenuation value)
90-kV 0.2-  90-kV 0.15-

100-kV 0.2-  100kV 0.1-  100-kV 120-kV 0.2-  140-kV

mm Cu mm Cu mm Cu mm Cu Cu(-) mm Cu Cu(-)
Nodule overlying 1st rib in rt ULF (+30) 0.11 0.11 0.00 0.00 -0.11 0.00 0.00
Nodule overlying 5th rib in rt ULF (- 375) 0.11 0.11 0.00 0.11 0.00 0.00 0.00
Nodule overlying 6th rib in rt ULF (- 620) 0.00 0.22 0.11 0.00 0.00 0.00 -0.11
Nodule above the diaphragm in rt LLF (—375) 0.00 0.00 0.00 0.00 —0.11 0.11 -0.33
Nodule overlying rt diaphragm (+ 30) 1.00* 1.00* 0.00 0.00 0.33 0.00 0.00
Nodule overlying 5th rib in It ULF (+30) 0.11 0.22 0.11 0.00 0.00 0.00 0.00
Nodule in It MLF (+ 30) 0.22 0.00 0.00 0.11 -0.11 0.11 -0.22
Nodule in It LLF (- 620) 0.11 0.00 0.00 0.00 0.00 0.00 0.00
Nodule overlying heart (—375) 0.33 0.11 0.11 0.11 0.00 0.00 -0.22
Nodule overlying heart (+ 30) 1.00* 1.00* 0.67 0.44 0.00 0.00 0.00
Honeycomb 0.00 0.00 0.00 0.00 0.00 0.11 -0.22
Pulmonary vessels 0.67 1.00* 0.00 0.44 0.00 0.00 -0.44
Vertebra 1.00* 1.00* 0.33 1.00* 0.00 0.33 —1.00%*

rt, right; It, left; ULF, upper lung field; MLF, middle lung field; LLF, lower lung field

p<0.05

measurements of the target nodules and structures (ICC =
0.831). Figures 4 and 5 show representative FPD images of
realistic lung phantom showing nodule overlying right dia-
phragm and vertebra using 90-kV shot with copper filter and
using traditional 120-kV shot without filter.

nodule overlying right diaphragm
(attenuation of +30HU)

There was no significant difference with respect to the vis-
ibility of all other simulated lung opacities (lung nodules ex-
cept for overlying diaphragm/heart and honeycomb opacity)
between each tube voltage level with/without copper filter and
the traditional 120-kV shot without filter.

nodule overlying heart
(attenuation of -375HU)

-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50
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* p<0.05
pulmonary vessels
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vertebra
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* p<0.05

Fig. 3 Average scores for representative simulated opacities and normal structures. Wilcoxon rank test with Bonferroni correction was applied
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Fig. 4 FPD images of realistic
lung phantom showing nodule
overlying right diaphragm.
Nodule contour on FPD image
(arrows) using 90-kV shot with
copper filter is clearer than that on
FPD image using traditional 120-
kV shot without filter

Discussion

Chest radiography is a proven and useful procedure for evaluat-
ing the airways, lungs, pulmonary vessels, and mediastinum [3].
Dobbins et al assessed the optimization of chest X-ray spectrum
for a cesium iodide-amorphous silicon FPD, and they regarded
120 kV as the optimal beam quality when considering patient
exposure using ESD and the ratio of tissue contrast to bone
contrast simultaneously [17]. Although ESD inevitably increases
with lower kilovoltage, the copper filter improves the increase
trend of ESD remarkably [18, 19]. Previous investigators have
suggested that image quality in high absorption areas, such as
nodule contrast relative to the contrast of bone, improved with
increasing tube voltage [10, 17]. However, there was no signifi-
cant difference with respect to the visibility of lung nodules over-
lying ribs between low tube voltage level with copper filter and
the traditional 120-kV shot without filter in this study.

Our study showed that FPD images using 90-kV shot with
0.15- and 0.2-mm copper filters showed the best visibility of
simulated nodules and normal structures among FPD image
valuables, when comparing with the FPD images using the
traditional 120-kV shot. This result concurs with the quantita-
tive result based on the CNR assessment of the simulated
nodule using a PMMA plates phantom. The CNRs of the +
30 HU, —375 HU, and — 620 HU nodules using 90—100-kV
shot with copper filter were significantly higher than those
using traditional 120-140-kV shot without filter (Fig. 2).
Consequently, both in quality and in quantity, we believe that

Fig. 5 FPD images of realistic
lung phantom showing vertebra.
Vertebra contour on FPD image
using 90-kV shot with copper fil-
ter is clearer than that on FPD
image using traditional 120-kV
shot without filter

@ Springer
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90-kV shot with copper filter is suitable for chest FPD images.
Considering the tube loading in clinical application and expo-
sure time, 90-kV shot with a thinner copper filter might be
recommended for chest FPD images.

On the basis of physical properties, lowering the
kilovoltage increases absorption by the bones such as ribs,
and one would suspect that the underlying lung parenchyma
would be obscured as a consequence. However, this effect is
much less apparent in DR than in conventional screen film
radiography. Data processing in DR is chosen to achieve a
compression of the dynamic range, which results in a global
decrease in large density differences [6]. In addition, our pre-
vious experimental study showed that the effective energy of
90-kV shot with copper filter was slightly higher than 36 keV,
which is a favorable k-absorption edge of cesium. This could
result in improvement of energy conversion efficacy and noise
characteristics. Data processing and the change of the effec-
tive energy by using copper filter might explain the superiority
in the visibility of vertebra, pulmonary vessels, and nodules
overlying the right diaphragm and heart on the FPD images
using the lower kilovoltage shot with copper filter.

We compared the image quality of FPD images by using a
lung phantom on the condition that the ESD was identical.
Implementation of the optimum spectrum in clinical chest
FPD imaging might permit a reduction in patient dose with
image quality comparable with the current chest radiography
standard. Further clinical research considering both image
quality and dose would be performed.

90kV Cu(+)

120kV Cu(-)
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Our study had several limitations. First, we analyzed the lim-
ited opacity (nodule, honeycomb) and normal structure (vertebra,
pulmonary vessels). In a clinical situation, additional abnormal-
ities such as pleural effusion and mediastinal/chest wall abnor-
malities would need to be addressed. Second, the realistic phan-
tom did not possess all of the characteristics of a human target
and might not adequately account for measurement distortion
induced by physical properties of living tissues. Third, we com-
pared the image quality of FPD images on the condition that the
ESD was identical, but calculation of the effective dose is
regarded as a more appropriate indicator of the risk associated
with different kilovoltage settings than ESD [18]. The effective
dose equivalent remains relatively constant with lower
kilovoltage. We therefore might have overestimated the patient
risk and underestimated the effect on improvement of image
quality. Finally, the phantom consisted of an accurate life-size
anatomical model based on an Eastern male thorax. Further anal-
yses using in vivo data of various physiques needs to be inves-
tigated to confirm optimal FPD beam in a clinical situation.

In conclusion, our phantom study demonstrated that image
quality of chest FPD images using 90 kV with filter is superior
to that using traditional beam when dose is identical. Further
clinical study dealing with chest FPD beam optimization
would be warranted.
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