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Abstract

This study proposes to adjust the sensitivity of automatic exposure control (AEC) for achieving consistent image quality
over a range of subject thicknesses in abdominal radiography simulations. The relation between image quality and subject
thickness was investigated using a digital radiography system with 10-, 15-, 20-, and 25-cm-thick acrylic phantom. Simple
pixel signal-to-noise ratio (SNR) was measured to check the default AEC accuracy for each thickness, and image quality was
evaluated using the signal-difference-to-noise ratio (SDNR) with an additional acrylic plate and bone-equivalent material.
Based on the figure of merit theory, dose ratios to obtain constant image quality regardless of the subject thickness were
calculated from SDNR results. The AEC setup was manually modified using this dose ratio, and visibility was examined
using a CDRAD 2.0 contrast-detail analysis phantom. Moreover, the entrance surface dose (ESD) was estimated as an index
of exposure dose using exposure parameters. The default AEC setup provided a constant simple pixel SNR for each subject
thickness with a high accuracy. SDNRs decreased with an increase in the subject thickness. The calculated dose ratios rela-
tive to the results for 20 cm thickness were 0.424, 0.647, and 1.43 for 10, 15 and 25 cm, respectively, and a>25% decrease
in ESD was observed for smaller patients. CDRAD analysis using the modified AEC setup showed almost identical visibility
for each thickness. Adjusting the sensitivity of AEC according to subject thickness can contribute toward the optimization
of the exposure condition.
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Introduction

General radiography performed using a film screen system
employs automatic exposure control (AEC), especially with
a photo timer, to maintain constant optical density, regard-
less of the thickness of the patient’s body. This technique
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is still in routine use, despite the current predominance of
digital radiography (DR). Optimizing the exposure condi-
tions using the AEC system is beneficial for providing sta-
ble image quality [1-3]. AEC systems measure the detector
entrance dose to provide consistent reproducible exposures
across a wide range of patient body sizes. Since the signal
level of an image is linked to the noise levels in a linearized
system, it is anticipated that the AEC system yields images
with consistent noise levels. However, the subject contrast
varies between patients with different body sizes, and the
AEC system used in DR does not consider this variation in
contrast.

Generally, the most relevant image quality evaluation
measure for DR is the signal-difference-to-noise ratio
(SDNR) [4, 5], which comprehensively evaluates the con-
trast and noise to assess the inherent physical image quality.
This index plays an important role in optimizing exposure
condition in digital imaging where the contrast no longer
depends on the exposure dose level.
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Chest and abdominal radiography are frequently per-
formed, and in most cases, the radiation dose is controlled
by the AEC. Abdominal radiography, in particular, requires
a relatively high entrance surface dose (ESD), which is
approximately ten times higher than that required for chest
radiography [6]. Since the abdominal organs overlap each
other in a complex way, image quality requires the assess-
ment of gas and soft tissue with low contrast. Therefore, an
AEC technique that resulting in a constant SDNR would pro-
vide optimal dose across different patient thicknesses while
maintaining the image quality required in clinical images.
The dose adjustments required for this technique will be able
to estimate by the calculation based on the figure of merit
theory. It has been reported that the image quality of other
modalities, such as computed tomography (CT) and mam-
mography, could be improved by adjusting the sensitivity
of the AEC as a function of the patient thickness [7-10].
However, to the best of our knowledge, few studies have
evaluated the feasibility for DR.

The aim of this phantom study was to investigate the rela-
tion between the default AEC setup and image quality over a
range of subject thickness assuming abdominal radiography
and to propose the dose adjustment for achieving a consist-
ent SDNR regardless of the subject thickness.

X-RAY

Methods
DR system and phantom

DR system used was an X-ray unit (RADspeed Pro, Shi-
madzu, Kyoto, Japan) with inherent filtration 2.8 mm Al
and indirect-type Csl detector (Calneo HC, Japan Fujifilm,
Kanagawa, Japan) with a 0.15-mm pixel pitch. Phantom
images were acquired using a stationary anti-scatter grid
(ratio, 10:1; density, 40 lines/cm; aluminium interspace
material; and focus to grid distance, 150 cm), and line-
arized original data, to which only the grid pattern removal
processing provided by the vendor was applied, were used
for measurements. Linearity was checked according to the
method specified in IEC 62220-1-1 [11].

Four acrylic thicknesses were used to assess the image
quality as a function of subject size. An acrylic phantom
made from 35 X 35 cm? slabs was used, which could be
adjusted to thicknesses of 10, 15, 20, and 25 cm. The sub-
ject thickness of the average adult was determined to be
20 cm by referring to the Japan diagnostic reference levels
(DRLs) 2015 [6]. Figure 1a shows the experimental geom-
etry for measuring SDNR. A tube voltage of 80 kV was
used without additional filters. Additionally, to compare
the SDNR values, the lower tube voltages of 60 and 70 kV
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Fig. 1 Experiment geometry for the image quality measurements. a
Signal-difference-to-noise ratio. Acrylic and bone plate were used as
contrast objects, with both plates placed on top of the acrylic slabs.
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b Low-contrast visibility with a 1.0-cm-thick CDRAD phantom. The
phantom was placed on top of the 9-cm-acrylic slabs and additional
slabs were added on top of the phantom
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Table 1 HVL value and back scatter factor for each tube voltage used
in this study

Subject thickness Tube voltage HVL (mmAl) Back scat-
kV) ter factor
10 cm 60 2.25 1.32
70 2.63 1.36
80 2.94 1.39
15 cm 60 2.25 1.32
70 2.63 1.36
80 2.94 1.39
20 cm 80 2.94 1.39
25 cm 80 2.94 1.39
90 3.20 1.41
100 3.53 1.43

were tested for subjects with 10 and 15 cm thickness, and
the higher tube voltages of 90 and 100 kV for subjects with
25 cm thickness because the operator tends to change the
tube voltage depending on subject thickness in clinical
practice. These radiation qualities are listed in Table 1.
The source-to-image distance was 150 cm with 7.3 cm air
gap between subject and image receptor, and the radiation
field was set to 34 x 38 cm?, which is set in accordance
with the size used in clinical practice; it was slightly larger
than acrylic phantom used in this study.

Image quality evaluation

SDNR is known as the most relevant image quality indicator
in DR, and several optimization studies have used this index
[2, 5, 12-15]. A digital image with a higher level of SDNR
could inherently provide superior image quality [4]. Herein,
for the SDNR measurement, an additional acrylic plate and
plate made of a bone-equivalent material (density, 1.73
cm®/g; product code 4120-220 BE-H-10, manufactured by
Kyoto Kagaku, Kyoto Japan), both 2x 2 cm? and 1-cm thick,
were placed on each thickness of acrylic phantom as shown
in Fig. 1a. These contrasts were corresponding to soft-tis-
sues and bones observed in abdominal radiographs. Square
region of interests (ROIs) of 10 x 10 mm? were placed at the
two plates and on the background between the two plates
to measure the mean pixel values and standard deviations.
A mean pixel value of back ground (Sp) and simple pixel
signal-to-noise ratio (SNR) was calculated to investigate the
characteristics of the default AEC. Dividing Sy by the stand-
ard deviation of background (o) gave the simple pixel SNR.
Then, SDNR was obtained to compare the comprehensive
image quality and to estimate dose ratios between the default
and modified AEC setup. It can be calculated as the ratio of
object to background signal difference (S —S,,) to the stand-
ard deviation of background (o) [15, 16]. SDNR,,,, and

acry.

SDNRy,,,. were measured from mean pixel values of additional
acrylic and bone plates, respectively.

AEC settings

Image data using default AEC setup were obtained with the
combination of each subject thickness and tube voltages. For
the proposed method, we changed the mAs values to obtain the
equivalent SDNR in each subject thickness. Image noise (stand-
ard deviation) used in the calculation of SDNR is governed
by Poisson statistics, also contrast is not affected by the dose
in most cases. Therefore, SDNR? is proportional to the dose.
Hence, dose ratios for adjusting the mAs value were calculated
using this relationship (figure of merit theory) to scale mAs
selected for the default AEC, to estimate mAs value required for
the AEC configured to deliver constant SDNR [4, 5]. Herein,
the SDNR result of the 20-cm thick set a target figure and ratio
to each subject thickness was obtained. This calculation was
only tested for 80-kV results. The contrast object used for the
SDNR calculation was an acrylic plate since it is often more
important in abdominal radiography for evaluating soft tissues
rather than the bone structure. The dose ratio was multiplied by
the mAs value when using the default AEC, and the resulting
value was then defined as the modified AEC setup. However,
in this feasibility study, it was difficult to tune the sensitivity of
the AEC setup automatically; therefore, the mAs values were
adjusted manually to the closest value that can be set.

CDRAD analysis

The image visibility and quality in condition close to clinical
use were evaluated using a 1.0-cm-thick CDRAD 2.0 contrast-
detail analysis phantom (Artinis Medical Systems, Einsteinweg,
The Netherlands) [17]; the depth and diameters of the holes
ranged from 0.3 to 8.0 mm. The X-ray image will show 225
squares arranged in 15 columns and 15 rows. The phantom was
positioned on top of the 9-cm acrylic slabs and additional slabs
were then added on top of the phantom as shown in Fig. 1b. The
phantom images were obtained eight times for each subject size
using the default and modified AEC setups with a tube voltage
of 80 kV. The analyzed image dataset was in the DICOM for-
mat, and default image processing for abdominal radiographs
was performed based on the manufacturer’s protocols. Auto-
matic scoring was performed using a software (CDRAD Ana-
lyzer, version 2.1; Artinis Medical Systems), and contrast-detail
curves were calculated. The inverse image quality figure IQF,,)
was calculated from the curves as follows [18]:

100

IQF.
le CDyy W

inv —

where D, ¢, denotes the threshold diameter in contrast col-
umn i and C; is the correctly identified contrast values. The
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summation is over all the columns (n=15). Higher IQF, ,
values indicate a better low-contrast visibility. IQF;, val-
ues were calculated for all the eight analyzed images and
the results were averaged for each condition. Differences
in IQF,,, between different subject thickness for each AEC
setup were evaluated statistically with a one-way analysis
variance (ANOVA), followed by post hoc tests with the Bon-
ferroni correction performed using BellCurve for Excel sta-
tistical software (Social Survey Research Information Co.,
Ltd. Tokyo Japan). For variations in the low contrast vis-
ibility with thickness, ANOVA p values of less than 0.05 are
considered to be statistically significant. When the ANOVA
yields nonsignificant results, no further test is needed. On
the contrary, when the ANOVA was significant, post hoc

tests were conducted.

Entrance surface dose

In this study, ESD was used as an indicator of exposure
dose used in the Japan DRLs 2015 [6]. ESD was measured
using exposure parameters related to a 6-cm® general pur-
pose ionization chamber (Model 20X6-6; Radcal, Monro-
via, CA, USA). The chamber was located 80 cm from the
X-ray focal spot, and the acrylic phantom was removed when
measuring the dose. The exposure dose was measured at a
constant tube current—time product of 20 mAs. Values of
ESD per unit mAs were calculated to obtain the required
mAs values; these were combined with the backscatter fac-
tors (Table 1) corresponding to the radiation qualities (the
half-value layer) and radiation field and the distance factors
based on the inverse square theorem [19].
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Results

Figure 2 shows the results of background mean pixel val-
ues (Fig. 2a) and simple pixel SNRs (Fig. 2b) for each tube
voltage setting using the default AEC setup. In particular,
the results of 80 kV were almost identical for each subject
thickness.

Figure 3a shows SDNR? results obtained using the default
AEC with a tube voltage of 80 kV for each subject thick-
ness. Y-axis indicates the relative value to 20-cm subject
thickness. SDNR?s decreased with an increase in the subject
thickness. Figure 3b shows the dose ratios for equivalent
image quality calculated from the SDNR? value results with
the acrylic contrast. A quadratic regression curve showed
a close fit to the data points. The mAs value for the modi-
fied AEC setup was calculated by multiplying the dose ratio
by the mAs value obtained with the default AEC setup.
Based on these ratios, the mAs values for the modified AEC
setup were 2.40 to 1.02 mAs, 6.80 to 4.40 mAs, and 44.7
to 63.8 mAs for the 10, 15 and 25 cm acrylic thicknesses,
respectively.

Figure 4 shows the SDNR results as a function of ESD for
each tube voltage settings. Results of acrylic (Fig. 4a) and
bone contrast (Fig. 4b) showed similar trends. SDNRs also
decreased with an increase in the subject thickness except
for the modified AEC setup. The use of lower tube voltage
at a thinner subject thickness improved SDNR (9.9-29%),
but the ESD also increased (45-107%). The use of higher
tube voltage at thicker subject thickness decreased SDNR
(1.0-21%) and ESD (25-39%). After adjusting the mAs
values, SDNR results were almost identical for each subject
thickness within 3% of each other. From the viewpoint of
ESD, the dose reductions in comparison with the default
setup were 47.9% and 26.5% for the thicknesses of 10 and
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1 080 kV
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i X100 kV
5 ll() 1I5 2I0 2I5 30

Subject thickness (cm)

Fig.2 Results of background mean pixel values and simple pixel SNRs for each tube voltage setting using the default AEC setup. Red line
shows the reference value i.e., the results of subject thickness of 20 cm with 80 kV
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Fig.4 SDNR results for a acrylic and b bone contrast as a function
of ESD. Grey, orange, red and green colour shows the results for 10,
15, 20, and 25 cm, respectively. Default setup results are widely plot-

15 cm, respectively. On the contrary, the ESD for 25 cm
increased by 41%.

Figure 5 shows the CDRAD analysis results. In the
contrast-detail curves for the default AEC, the low-con-
trast visibility depended on the subject thickness (Fig. 5a).
The IQF,,, values for the default AEC decreased with an
increase in the subject thickness, which is similar to SDNR
results (Fig. 5b). The ANOVA analysis was significant
[F(3,28) =144, p<0.001], and the post hoc test showed
significant results for all the subjects thickness (p <0.001).
After the dose adjustment, the contrast-detail curves for

2 2.5 35

ESD (mGy)

0.5 1 1.5

ted from higher image quality, lower dose value to lower image qual-
ity, higher dose value. On the contrary, the modified setup results are
plotted on horizontal band; it shows similar SDNR values

modified AEC were almost identical, regardless of sub-
ject thickness; there was no significant difference by one-
way ANOVA among the IQF,,, values for the four subject
thicknesses [F(3,28) =0.79, p=10.509; Fig. 5c].

Figure 6 shows the enlarged images of the CDRAD
phantom part for the default and modified AEC setups.
The window conditions for the five images were adjusted
based on the ROI measurements at the drilled holes and
background. Similar to SDNR and CDRAD analyses
results, the image noise differed with subject thickness
when using the default AEC, whereas the images showed

@ Springer



808

Australasian Physical & Engineering Sciences in Medicine (2019) 42:803-810

(a) 10 -

Diameter (mm)
o

0.1 —— T

Default set-up

Modified set-up

0.1 1
Depth (mm)

(b) 6

10 15 20 25
Subject thickness (cm)

10

(c) 6

10 15 20 25
Subject thickness (cm)

Fig.5 CDRAD analysis results. a The graph shows the average contrast-detail curves for each subject thickness with the default (black line) and
modified AEC setup (red line). b Box plots show the results of IQFinv for (b) default and ¢ modified AEC after adjustment

nearly identical noise to the reference image when using
the modified AEC after the dose adjustment.

Discussion

This study proposes an adjustment to AEC sensitivity that
results in constant SDNR values regardless of subject thick-
ness. Using the default AEC setup with a tube voltage of
80 kV provided a constant signal level. Errors due to differ-
ent subject thickness were a concern; however, the detector
entrance dose was controlled with high precision regard-
less of subject thickness [2]. However, considering the
image quality, the contrast variation due to different subject

@ Springer

thicknesses caused by the differences in scatter fraction and
radiation quality, was not considered in the control regulation.
The SDNR evaluation showed that images of patients with a
small body size were superior in quality; in other words, the
smaller patients were receiving higher than required radiation
dose. On the contrary, the image quality for patients with a
large body size was degraded, indicating an insufficient dose.
Additionally, we found that the changing the tube voltage
depending on subject thickness caused an increase in dose or
degraded image quality at the same AEC setting.

The proposed dose ratio based on the figure of merit cal-
culation achieved a constant SDNR. Its effect was demon-
strated by the CDRAD analysis. Use of the dose ratio resulted
in an ESD reduction of approximately 25—48% for the small
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Fig.6 Enlarged images of part of the CDRAD phantom. Subject thicknesses: a 15, b 20, and ¢ 25 cm using default AEC; d 15, e 20 and f 25 cm

using the modified AEC

patient size. A detailed study optimizing AEC in planer
images for mammography has been reported [7]. Unlike the
proposal in this study, the conclusion of that study was that
a dose reduction for thin subjects (with compressed breast
thickness of <40 mm) was unnecessary because the doses
were below the achievable level of the guideline; therefore,
the dose reduction would lead to a reduction in detectability
[20]. It is likely that the signals targeted in the examination
differ between DR and mammography, and breast imaging
requires the visualization of finer structures. On the contrary,
it has been proposed that constant CNR, regardless of radia-
tion qualities, is useful for both computed radiography and
DR [2]; however, to the best of our knowledge, no previous
study was focused on subject thickness.

A possible concern of the method proposed herein is that
the ESD would increase more for patients with a large body
size, though it can be considered that such patients require
that dose. The standard body size, according to Japan DRLs
2015, was defined as 20-cm thick for abdominal radiography.
For this body size, the ESD was < 1.0 mGy using the default
AEC setup in this study; however, the ESD is set as 3.0 mGy
in the DRL, wherein the data were mainly investigated by
computed radiography. Recent flat panel detector systems
have higher detective quantum efficiency than that of com-
puted radiography [21]; therefore, the exposure dose can be

reduced even when the modified AEC setup is used for large
patients. In addition, it is possible that image quality can
be improved by varying the image processing according to
subject thickness. Various edge-preserving noise reduction
filters have been studied in the past, and it may be effective
to apply them [22, 23].

This study has some limitations that should be acknowl-
edged. First, we evaluated the effect of different tube volt-
ages but grid-less imaging in small patients and additional
metal filtration were not investigated in this study. Second,
our key idea exceeds the capability of current AEC technol-
ogy for abdominal radiography. The dose ratio for equal-
izing SDNR presupposed that the subject thickness could
be estimated before or during the examination. The AEC
system for CT can adjust radiation dose using scout images
[8, 9], and in mammography, it is possible to estimate the
attenuation from the height of a compression paddle and to
“pre expose” for AEC [24]. For the DR system, it seems to
be difficult to estimate subject thickness instantaneously at
the time of the imaging and to feed this back to the AEC
control system in the current system. We believe that one of
the method to overcome this issue is to use a three-dimen-
sional camera for the estimation [25]. Thereby, it might be
possible to optimize the setting of AEC for each region of
the body by using our proposed method, though we targeted
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only abdomen in this study. Such new technical develop-
ments are expected in the future.

Conclusion

Default AEC setup provided constant pixel values with high
accuracy, regardless of subject thickness. On the contrary,
this indicated that the image quality for the different thick-
nesses was notably different because of contrast variation.
Therefore, a dose ratio as a function of subject thickness
was proposed to obtain constant SDNR values based on the
figure of merit theory. A CDRAD analysis of the proposed
modified AEC setup showed equivalent low-contrast vis-
ibility for the different subject thicknesses. Adjusting the
sensitivity of AEC according to subject thickness can be
contributed to optimization of the exposure condition.
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