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Abstract

A grid is one of the key components of a digital radiography (DR) system because it removes scattered radiation, which arises
when X-rays penetrate an object and improves diagnostic accuracy by enhancing image quality. With the widespread use
of DR systems, demand for grids with high precision has simultaneously increased. Because unsuitable grids may decrease
image quality and lead to misdiagnosis, using optimised grids for DR systems is critical. In this study, we aimed to analyse
the quality of X-ray images acquired using grids with different specifications and proposed standardised criteria for grid use
on the basis of our results. We measured modulation transfer function (MTF), normalised noise power spectrum (NNPS)
and detective quantum efficiency (DQE) using grids with different ratios (10:1, 12:1 and 15:1) with or without implementing
poly methyl methacrylate (PMMA) phantoms (0-20 cm). Pixel pitch of the detector used in this experiment was 143 pm.
Based on this, a grid with a line frequency of 85 line pairs/cm was selected to prevent distortion caused by implementing
unoptimised grids. As a result, the NNPS was found to increase when using the grid, and the difference in MTF and DQE was
only measured when the scattered X-ray was generated by stacking the PMMA phantom. However, grids showed a positive
effect MTF and DQE when the PMMA phantom was implemented. Specifically, MTF and DQE improved with increase in
grid ratio. Thus, it is desirable to use a high-ratio grid to improve image quality.

Keywords Digital radiography - Grid - Grid ratio - Modulation transfer function - Detective quantum efficiency -
Normalised noise power spectrum

Introduction Figure 2 shows grid structure. A grid comprises absorb-

ers and interspacers. An absorber is made of high-density

Since 1913, grids have been used to remove scattered radia-
tion and to improve images quality in radiography [1]. Scat-
tering radiation means refracted X-rays that lose their origi-
nal linearity due to the interaction of the object with X-rays
when X-rays pass through an object (Compton scattering). If
this scattered radiation is detected by the detector, it makes
the images unclear, thereby degrading image quality. Fig-
ure 1 presents the overall system for acquiring X-ray images
using a grid in a digital radiography (DR) system. A grid is
placed between the detector and subject, and it contributes
to increasing the diagnostic accuracy by removing scattered
radiation [2—4].
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materials such as lead or tungsten to remove the scattered
radiation. In contrast, an interspacer is made of low-density
materials, such as carbon fiber or aluminum, to transmit pri-
mary radiation. Line frequency refers to the number of pairs
of absorbers and interspacers per unit distance, with a unit
of either line pairs/cm (LP/cm) or line pairs/inch (LP/in).
Line frequency is the most critical factor determining the
occurrence of the moiré pattern, which arises when an unop-
timised grid is implemented in a DR system. Each detector
comprises a pixel matrix that can detect X-rays. The size
of pixels in a detector determines the spatial resolution of
the detector. The spatial resolution of a detector and line
frequency of a grid can be represented by the concept of
spatial frequency. When the spatial frequencies of a detector
and grid do not match, a new signal with a unique frequency
is created. This signal results in a distorted pattern called the
moiré pattern [5-8].
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Fig. 1 Acquisition of an X-ray image using a grid in a digital radiog-
raphy system

To remove the moiré pattern, an optimised grid should be
used. The process for determining the optimised grid is as
follows: a) select two or three grids with different line densi-
ties based on specifications of the DR system, such as focal

Fig.2 Grid structure
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spot size, pixel size, or scintillator in the detector; b) acquire
images using the selected grids; ¢) perform visual inspec-
tion of the acquired images and analyse the images in the
frequency domain; and d) determine the grid with the line
frequency that best fits the DR system. Thus, determination
of an optimised grid is heavily dependent on the specifica-
tions of the DR system.

In a grid, each line pair of interspacers and absorbers
is aligned at a certain angle in the direction of the X-ray
source, maintaining the linearity of the X-ray. This angle
is determined by focal distance (FD), which is the distance
between X-ray tube focus and bottom surface of the grid.
In general, FD is identical to the source-to-image receptor
distance (SID) of the DR system. FD and SID are dependent
on the body part of image acquisition.

Grid ratio is the ratio of the height of the grid (H) to the
width of an interspacer (D). The higher the grid ratio, the
less scattered radiation reaching the detector; conversely,
the lower the grid ratio, the more primary X-rays transmit-
ted through the grid. Thus, the use of grid with an incorrect
ratio for a DR system leads to redundant doses or reduced
contrast. Unlike line frequency and FD, grid ratio can be
determined independent of clinical diagnosis environment
and DR system configuration. However, precise grid ratio
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should be determined as it is directly related to image quality
and exposure dose in a patient [9, 10]. Previous research has
mainly focused on measuring physical grid characteristics
along the grid type or simulations using the Monte Carlo
method on the basis of IEC60627 [11-13].

In the present study, we used three factors—modulation
transfer function (MTF), normalised noise power spectrum
(NNPS) and detective quantum efficiency (DQE) to quan-
titatively assess the effect of different grid ratios on image
quality. Furthermore, we proposed a standard for selecting
an optimised grid ratio for each DR system on the basis of
our results.

Methods and materials
Experiment method

X-ray tubes (Model: E7252X, Toshiba, Japan) with a tube
voltage range of 40-150 kV, maximum current of 400 mA
and 1000 mA and focal spot of 0.6 mm and 1.2 mm
were used in this study. A flat panel detector (Model:
FDX3543RP, Toshiba, Japan) (with Csl scintillator) with
pixel size of 143 um and pixel matrix of 2448 X 2984 was
used. SID was set at 100 cm, which is a commonly used
setting, to evaluate effect of grid ratio in the clinical setting
[14]. Aluminum interspaced grids by JPI Healthcare (Seoul,
Republic of Korea) were used. To minimise image distortion
caused by the grid, an optimised grid with a line frequency
of 85 LP/cm was used and the FD was set to 100 cm, which
was identical to the SID value, to prevent cutoff caused by
the use of unmatched FD. Experiments were conducted
under four different grid ratio conditions: 1) without grid,
2) 10:1, 3) 12:1 and 4) 15:1. For each ratio, images were
acquired and analysed for changes in image quality depend-
ing on the grid ratio.

Fig.3 Phantoms used in the
experiment

(a) PMMA Phantom

Two phantoms were used in the experiments (Fig. 3): poly
methyl methacrylate (PMMA), edge phantom. The PMMA
phantom with dimensions of 25 cm X 25 cmX 1 cm was
primarily used to artificially adjust the amount of scattered
radiation that reaches the detector by changing the number
of layers. The edge phantom, made of tungsten, was used to
measure MTF.

The experimental setup is shown in Fig. 4. The X-ray tube
was placed vertically to and in the center of a flat panel detec-
tor. A jig was created and used to avoid the effect of movement
of phantoms or grids on results. The radiation exposure was
measured by placing a dosimeter at the center of the detector.
RQA 5 condition (70 kVp, 21 mm Aluminum filter) of IEC
61267, recommended by IEC 62220-1 for the X-ray condi-
tion, was used. Table 1 shows mAs of X-rays used per unit
thickness of the PMMA phantom used in the experiment and
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Table 1 X-ray exposure conditions and grid specification

No PMMA Grid line Grid ratio Bucky factor MAs
thickness density (LP/ (@ RQR 8)
(cm) cm)
1 0 85 Without grid — 2
2 10:1 2.33 2.8
3 12:1 2.60
4 15:1 2.96
5 10 85 Without grid — 11.2
6 10:1 2.33 25
7 12:1 2.60
8 15:1 2.96
9 20 85 Without grid — 56
10 10:1 2.33 160
11 12:1 2.60
12 15:1 2.96

Bucky factor of used grid. To prevent any unexpected effect of
image processing, only raw images were used in the analysis.

Analysis method

We quantitatively analysed changes in image quality with
varying grid ratios using MTF, NNPS and DQE analy-
ses. MTF, NNPS and DQE were measured based on the
IEC62220-1 standard [15].

MTF is a criterion for evaluating the resolution and sharp-
ness of an X-ray system: the higher the MTF, the higher the
resolution and sharpness. Figure 5 shows the MTF analysis
process using the edge phantom image.

To compute MTF, a region of interest (ROI) is first
extracted around the edge of the edge phantom image, fol-
lowed by acquiring the edge spread function (ESF) using
the profile penetrating the edge of ROI. Next, line spread
function (LSF) is obtained by differentiating the acquired
ESF. Finally, the MTF curve is acquired by applying Fourier
transform function to LSF [15-18]. In Fig. 5a, the direction
of the line profile is parallel to the direction of the grid line.

The DQE reflects how effectively a DR system can gener-
ate a signal-to-noise ratio (SNR) of image according to fre-
quency relative with ideal detector. Thus, increase in DQE
reduces the dose necessary to acquire an image of the same
SNR. As a result, the dose to be irradiated to the patient can
be reduced. DQE can be calculated using the equation below
[15, 19-21].

SNR? 2
DOE(f) = ou _ _ MTF() 0
SNR? g x X x NNPS(f)

where, SNR; signal-to-noise ratio of the detector input
signal, SNR, signal-to-noise ratio of the detector output

@ Springer

signal, radiation exposure(Unit: pGy), NNPS(f) normal-
ised noise power spectrum by frequency, q incidental num-
ber of X-ray photon per unit area (RQA 5: 30 174 quanta/
uGy mm?).

Here, the MTF value was calculated using the method
mentioned earlier.

The NPS is one of the most common factor describing the
noise properties of DR system. NPS is a representation of
the distribution of the noise variance on the spatial frequen-
cies, indicating the dependence on the spatial frequency of
noise, which is a variation between pixels in the image [20,
22-24]. NNPS was calculated by the following equation:

< |IFTU(x,y)) = SCx, »)|* > y

NPS(f) = N XN Py XD, 2
x y

NPS(f)

NNPS(f) = >
(Large area signal)

3

where, I(x, y) X-ray image, S(x, y) average image of X-ray
images, N,, Ny number of pixels of the x-axis and y-axis, p,,
py pixel size of the x-axis and y-axis, NPS(f) noise power
spectrum by frequency, Large area signal: mean value of the
pixels used in the calculation of NPS.

Results

MTF

Figure 6 and Table 2 show changes in MTF with changed
in grid ratio and the thickness of the PMMA phantom. Fig-
ure 7a shows MTF without the PMMA phantom. When
there is no object to generate scattered radiation, MTF val-
ues showed similar characteristic regardless of grid ratio.
Figure 7b and ¢ shows the MTF values obtained using the
PMMA phantom with thicknesses of 10 cm and 20 cm,
respectively. The MTF value increased with the use of a grid
is compared with that obtained without the use of a grid, and
it increased with increase in grid ratio. When the thickness
of the PMMA phantom was 10 cm, the MTF value of the
grid with a grid ratio of 10:1 improved by 75.6% compared
with the MTF value obtained without the use of a grid (value
difference of 17% at 1 LP/mm). The MTF value of the grid
with a grid ratio of 15:1 improved by 20.5% compared with
the MTF value of the grid with a grid ratio of 10:1 (value
difference of 8% at 1 LP/mm). When the thickness of the
PMMA phantom was 20 cm, the MTF value of the grid with
a grid ratio of 10:1 improved by 141.5% compared with the
MTF value obtained without the use of a grid (value differ-
ence of 15% at 1 LP/mm). The MTF value of the grid with
a grid ratio of 15:1 improved by 33.2% compared with the
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Fig.5 MTF analysis process using the edge phantom image

MTF value of the grid with a grid ratio of 10:1 (value dif-
ference of 8.5% at 1 LP/mm).

NNPS

Figure 7 and Table 2 show changes in NNPS with changes in
grid ratio and the thickness of PMMA phantom. Figure 7a—c
show the NNPS values obtained using the PMMA phantom
with thicknesses of 0, 10 and 20 cm, respectively. The NNPS
value increases with the use of a grid compared with that
obtained without the use of a grid, and it increased with an
increase in grid ratio.
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When the thickness of the PMMA phantom was 0 cm,
the NNPS value of the grid with a grid ratio of 10:1
improved by 2.7% compared with that obtained without
the use of a grid (value difference of 2.23x 107" at 1 LP/
mm). The NNPS value of the grid with a grid ratio of
15:1 improved by 13.5% compared with that with a grid
ratio of 10:1 (value difference of 1.15x 107 at 1 LP/mm).
When the thickness of the PMMA phantom was 10 cm, the
NNPS value of the grid with a grid ratio of 10:1 improved
by 24.1% compared with that obtained without the use of
a grid (value difference of 1.47 x 107% at 1 LP/mm). The
NNPS value of the grid with a grid ratio of 15:1 improved
by 34.0% compared with that with a grid ratio of 10:1
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Fig.6 Change in MTF characteristics with changes in PMMA thick-
ness and grid ratio

(value difference of 2.56x 107% at 1 LP/mm). When the
thickness of the PMMA phantom was 20 cm, the NNPS
value of the grid with a grid ratio of 10:1 improved by
59.4% compared with that obtained without the use of a
grid (value difference of 3.67 x 107® at 1 LP/mm). The
NNPS value of the grid with a grid ratio of 15:1 improved
by 59.7% compared with that with a grid ratio of 10:1
(value difference of 5.87x107% at 1 LP/mm).

@ Springer

DQE

Figure 8 and Table 2 shows changes in DQE with changes in
grid ratio and the thickness of PMMA phantom. Figure 8a
is the graph of DQE without using the PMMA phantom.
When there is no object to generate scattered radiation, the
DQE values showed similar characteristics regardless of grid
used. The DQE value was not affected by grid in the case
of no subject to generate scattered radiation. Figure 8b and
¢ shows DQE values obtained using the PMMA phantom
with thicknesses of 10 cm and 20 cm, respectively. The DQE
value increases with the use of a grid compared with that
obtained without the use of a grid, and it increased with
increase in grid ratio.

When the thickness of the PMMA phantom was 10 cm,
the DQE value of the grid with a grid ratio of 10:1 improved
by 256.6% compared with the DQE value obtained without
the use of the grid (value difference of 13.6% at 1 LP/mm).
The DQE value of the grid with a grid ratio of 15:1 improved
by 59.3% compared with the DQE value of the grid with a
grid ratio of 10:1 (value difference of 11.2% at 1 LP/mm).
When the thickness of the PMMA phantom was 20 cm, the
DQE value of the grid with the grid ratio of 10:1 improved
by 600% compared with the DQE value obtained without the
use of the grid (value difference of 5.4% at 1 LP/mm). The
DQE value of the grid with a grid ratio of 15:1 improved by
76.2% compared with the DQE value of the grid with a grid
ratio of 10:1 (value difference of 4.8% at 1 LP/mm).

Discussion

In this study, we investigated effects of grid ratio on the
quality of images obtained using a DR system in the clini-
cal setting. The line frequency of the grid was set at 85 LP/
cm, which is an optimised setting for the detector used in
this research. Images were obtained under four different grid
ratio conditions: without a grid and with grids at 10:1, 12:1,
or 15:1. To obtain images under various conditions of scat-
tering, we changed the thickness of the PMMA phantom
from O to 20 cm. Images were quantitatively evaluated by
MTF, DQE and NNPS using several evaluation criteria.
Changes in MTF and DQE values depending on the
thickness of the PMMA phantom and grid ratio showed
similar trends. When the PMMA phantom was not used,
MTF and DQE showed a decreasing trend depending on
spatial resolution regardless of the use of a grid. In con-
trast, MTF and DQE rapidly decreased with increase in
the thickness of the PMMA phantom. However, MTF and
DQE all improved when a grid was used, and a higher
grid ratio resulted in a greater improvement. On the other
hand, the NNPS increased when using the grid, regardless



Australasian Physical & Engineering Sciences in Medicine (2019) 42:553-561 559
Table2 MTF, NNPS and DQE by frequency according to PMMA thickness and grid ratio
Ratio MTF (at 1 LP/mm) NNPS (at 1 LP/mm) DQE (at 1 LP/mm)
PMMA PMMA PMMA20cm PMMA 0cm PMMA 10 cm PMMA 20 cm PMMA PMMA PMMA
Ocm (%) 10cm (mm?) (mm?) (mm?) 0cm 10 cm 20 cm
(%) (%) (%) (%)
Without grid 59.4 22.5 10.6 8.30x 107 6.07x107° 6.18x 1076 43.7 53 0.9
10:1 57.2 39.5 25.6 8.52%x107° 7.54%107° 9.84x107° 413 18.9 6.3
12:1 56.6 43.0 28.9 9.09%107° 8.62%x107° 1.20x107° 40.4 23.1 8.2
15:1 57.9 47.6 34.1 9.67x107° 1.01x107° 1.57x107° 43.0 30.1 11.1

of the PMMA phantom use. And the higher the ratio of
grid, the more NNPS increased.

MTF is one of the most important factors for evaluating
the sharpness and resolution of images obtained using a
DR system. Increase in the MTF value indicates increase
in the sharpness of the image. Because MTF decreased
as the thickness of the PMMA phantom increases, we can
assume that scattered X-rays have a significant effect on
the resolution and sharpness of images obtained using a
DR system and that increase in the amount of scattered
X-rays leads to rapid deterioration of the resolution and
sharpness of an image. Moreover, the use of high-ratio
grids may contribute to the resolution and sharpness
images obtained using a DR system because more scat-
tered X-rays are removed with higher grid ratio.

NNPS is an important factor in describing the noise
characteristics of the DR system. When grid use in the
DR system, the NNPS of the image was increased due
to the reduction of the incident dose to the detector. In
addition, the NNPS increased as the grid ratio increased.

DQE is an important factor indicating how effectively
a DR system can generate a SNR relative to an ideal
detector. Scattered X-rays are increased as the thickness
of the PMMA phantom increases, negatively affecting
DQE. The use of a grid improves the high-SNR image
generation efficiency of the DR system, and this improve-
ment was greater when a high-ratio grid was used.

As a result, the DR system using a grid for acquir-
ing patients’ images may increase the noise slightly, but
it improves the image quality and enables high-SNR
image acquisition. Furthermore, higher grid ratios lead
to greater improvement in image quality. Therefore, we

assume that it is desirable to use a high-ratio grid for
better DR image quality in the clinical setting. Of note, a
study is being conducted on the use of a smaller amount
of emitted X-rays to reduce patient dose while obtaining
images using a DR system in a clinical setting. In future
studies, we will address changes in image quality and
dose depending on grid ratio.

Conclusion

This study quantitatively assessed changes in the quality
of images obtained using a DR system depending on grid
ratio using three image quality evaluation methods (MTF,
NNPS and DQE). To quantitatively analyse the effect of
grid ratio on the removal of scattered X-rays in a clinical
setting, we used a PMMA phantom (thicknesses ranging
from 0 to 20 cm) to simulate various conditions of scat-
tered X-rays. Referring to MTF and DQE by frequency
according to PMMA thickness and grid ratio of Table 2,
when there were no scattered X-rays (PMMA thickness
0 cm), MTF and DQE showed similar trends regardless
of the use of a grid. However, when scattered X-rays were
generated using the PMMA phantom with a thickness of
10 or 20 cm, MTF and DQE acquired with the use of a grid
had better MTF and DQE than those acquired without the
use of a grid. The NNPS increased regardless of PMMA
thickness when using the grid. At 20 cm PMMA thickness,
a ratio grid of 15:1 improved MTF by 222%, NNPS by
154% and DQE by 1133% compared with images acquired
without the use of a grid. The increase in MTF and DQE
was higher than the increase in NNPS. Therefore, it is
necessary to use a grid for accurate diagnosis in a clini-
cal environment, and it is highly recommended to use a
high-ratio grid.

@ Springer



560 Australasian Physical & Engineering Sciences in Medicine (2019) 42:553-561
(@) NNPS (PMMA Ocm) pETr— (@) DQE (PMMA Ocm ) T
a —W/O Grid 70.0% = W/O Grid
25 m— 10:1 60.0% - 10:1
% 20 -z 50.0% - 171
o 15:1 & 40.0%
< 15 w
E Q 30.0%
= 20.0%
= i
5 10.0%
0 0.0%
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Frequency (Lp/mm) Frequency (Lp/mm)
b
(b) NNPS (PMMA 10cm) T (b) DQE (PMMA 10cm ) Grid Ratio
20 - W/O Grid 70.0% = W/O Grid
25 = 10:1 60.0% - 10:1
NE . - 121 50.0% - 12:1
= 15:1 & 40.0% 15:1
S 15 i ’
E . Q 30.0%
% 20.0%
5 10.0%
0 0.0%
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 20 25 3.0
Frequency (Lp/mm) Frequency (Lp/mm)
(c) i Grid Ratio (c) DQE (PMMA 20cm ) P —
60 -
= W/O Grid 70.0% == W/O Grid
50 = 10:1 60.0% — 10:1
40 e 50.0% -—12:1
15:1 40.0% 15:1

NNPS (x10® mm?)
- N w
o o o o

0.0 0.5 1.0 1.5 2.0 25 3.0
Frequency (Lp/mm)

Fig.7 Change in NNPS characteristics with changes in PMMA thick-
ness and grid ratio
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