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Performance of antiscatter grids in diagnostic radiology: Experimental
measurements and Monte Carlo simulation studies
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Chicago, Chicago, Illinois 60637

(Received 30 November 1984; accepted for publication 21 March 1985)

We have devised an experimental method with which one can accurately measure the
transmission of primary radiation and the transmission of total radiation by an antiscatter grid in
a setting similar to a practical radiographic examination. We measured the transmission values
for 27 combinations of x-ray tube potentials, phantom thicknesses, screen—film systems, and grid
parameters. The standard deviation of one measurement was estimated to be 2.9% and 1.5% for
the total and primary transmissions, respectively. The measured grid transmission was compared
with results predicted by our Monte Carlo calculations; 92% of the measured and calculated
values agree within two standard deviations. This close agreement indicates that our Monte Carlo
calculation can accurately predict the performance of antiscatter grids under diagnostic imaging

conditions.

I. INTRODUCTION

In radiography, a major image-degrading factor is the scat-
tered radiation arising from the interaction of x-ray photons
with the object being imaged. For example, in abdominal
radiography of a 20-cm-thick patient, the scattered radiation
can amount to about seven times the information-carrying
primary radiation.' The large amount of scattered radiation
has a detrimental effect on the image contrast. Various anti-
scatter techniques have been developed that are designed to
reduce the scattered radiation incident on the image plane.
The most commonly used technique at present is the use of a
linear grid, which was introduced by Bucky® and modified
by Potter.> A Bucky grid is employed with a reciprocating
device during x-ray exposure so that the grid lines are
blurred. Due to the advances in grid manufacturing technol-
ogy, high strip-density grids have been introduced which can
be kept stationary during x-ray exposure, since the fine grid
lines appearing in a radiograph do not interfere with the
perception of image detail.*

In our previous study of the performance of antiscatter
grids,* we developed Monte Carlo simulation methods to
trace photon histories in a scattering medium and in a grid.
The contrast improvement factor (CIF) and the Bucky factor
(BF) were employed as the benefit and cost factors, respec-
tively, in the evaluation of grid performance. In this study,
we measured the CIF and BF values for ten commonly used
grids and four high strip-density grids under typical imaging
conditions, and we compared the results with Monte Carlo
predictions.

Il. METHODS

A. Monte Carlo calculation of grid performance

We have previously described in detail the Monte Carlo
methods for the simulation of photon scattering in tissue-
equivalent material and in an antiscatter grid.>*® We have
also applied these simulation methods to the evaluation of
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grid performance in mammography.® The procedure will be
described briefly below.

A pencil beam of photons is incident normally on the sur-
face of a homogeneous tissue-equivalent phantom of uni-
form thickness and infinite area. In the diagnostic energy
range, three interaction processes—the photoelectric effect,
incoherent scattering, and coherent scattering—have to be
considered. In a coherent-scattering event, the scattering an-
gle of the photon is sampled from the Thomson equation
modified by the form factor for the scattering material. The
form factor is calculated from the atomic form factors with
the assumption that interatomic or intermolecular interfer-
ence effects are negligible. For Compton scattering, the scat-
tering angle of the photon is sampled from the Klein—Ni-
shina equation modified by the incoherent-scattering
function, which takes into account the electron binding ef-
fect. Within the phantom, a photon history is terminated
when a photoelectric event occurs.

In the present study, an antiscatter grid was placed paral-
lel to the posterior surface of the phantom. The distance
from the phantom to the posterior surface of a grid was kept
at 1.5 cm; thus the spacing between the phantom and a grid
varied from 1.2 to 1.4 ¢cm, depending on the thickness of the
grid used. We studied linear parallel grids with infinite focal
length. The interspace and the front and back covers of the
grid were composed of aluminum; the radiopaque strips
were made of lead. The parameters of the grids included in
this study are listed in Table I.

The photons transmitted through the phantom impinged
on the grid. A Monte Carlo method which can trace a pho-
ton history in an inhomogeneous phantom composed of
compartments of different materials was employed for the
simulation of photon diffusion in the grid.%® If a coherent-
scattering or incoherent-scattering event took place, the
form factor or incoherent-scattering function of the material
in the compartment in which the interaction occurred was
used for the sampling of the deflection angle. At photon en-
ergies above the K edge of lead, if a photoelectric event took
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TABLE I. Parameters of the 14 grids® included in this study.

Thickness of Thickness of Thickness of Lead-to- Lead
Strip density aluminum cover lead strips aluminum interspace interspace Grid content Grid
(lines/cm) (zm) (em) ratio ratio (mg/cm?) identification

33 400 50 1/5 6 284 33/6/50
8 379 33/8/50
10 473 33/10/50
12 568 33/12/50
15 710 33/15/50

40 400 50 1/4 6 273 40/6/50
8 364 40/8/50
10 454 40/10/50
12 545 40/12/50
15 682 40/15/50

57 150 45 1/2.9 8 304 57/8/45
10 380 57/10/45
12 456 57/12/45
16 608 57/16/45

*The grids were manufactured by Mitaya Manufacturing Co., Tokyo, Japan; these grids are distributed in the U. S. by Liebel-Flarsheim Co.

place in the lead strips, the computer determined whether a
K, or K; x ray was emitted by random sampling based on
the emission probability. The K x rays were assumed to be
emitted isotropically from the interaction site, and their his-
tory was traced.

The recoil electron in a Compton interaction, the photo-
electrons, the Auger electrons, or the fluorescence x rays
other than those from the K shell were assumed to be ab-
sorbed at the interaction site. A cutoff energy of 5 keV was
chosen for terminating of photon histories either inside the
phantom or in the grid. At this energy, the absorption cross
section of the materials considered is very large, and the pho-
ton was assumed to be absorbed locally in a photoelectric
event.

The photons transmitted through the grid might be de-
tected by a pair of fluorescent screens placed parallel to the
grid. The spacing between the grid and the screens was cho-
sen to be 1.0 cm. The energy absorbed in the screens was
calculated by means of an analytical method described else-
where.'° The absorbed energies due to both the primary and
the scattered radiation were determined by summation of all
energies deposited by the primary and scattered photons,
respectively, for an incident pencil beam; this is equivalent to
recording the primary and scattered radiation at a point in
theimage plane for a plane, parallel, infinitely broad incident
beam."!

The CIF is defined as the ratio of radiographic contrast
with the grid to that without the grid. The BF is defined as
the factor by which the patient exposure is increased, when
an antiscatter technique is used, to maintain the film density
the same as that without the grid. For grid techniques, the
increase in x-ray tube loading is equal to the BF. It has been
shown®'? that

BF = 1 (1)
T,
and
CIF = T, X BF, (2)

where 7, and T, are the transmission of total and of primary
radiation of the grid, respectively. The significance of using
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CIF and BF as the parameters for the evaluation of grid
performance, as compared to other parameters such as selec-
tivity, has been discussed extensively in our previous work.*

In our Monte Carlo calculations, the total and primary
radiation energies absorbed in the screens under a given
imaging condition without a grid were calculated from the
average of ten independent runs. When a grid was employed,
we determined the energies absorbed in the screens for each
run by tracing the photons through the grid, and the average
of ten independent runs was again taken. The values of T,
and T, were then calculated from the ratio of the mean val-
ues of total and primary energy, respectively, absorbed in the
screens with and without the grid, and the BF and CIF were
derived from Eqgs. (1) and (2). It should be noted that the BF
and CIF of a grid depend on the imaging conditions.

We chose water as the phantom material, since the x-ray
interaction properties of water are similar to those of soft
tissue in the diagnostic energy range. A pair of DuPont Par
Speed screens (CaWO,, coating weight = 28 mg/cm? per
screen) or a pair of Kodak Lanex Regular screens
(Gd,0,S:Tb, coating weight = 70 mg/cm” per screen) was
employed as the x-ray recording system. The cross section
data of the phantom, the grid materials, and the screen phos-
phors were calculated from the elemental cross sections tab-
ulated by Storm and Israel.® The atomic form factors and
incoherent-scattering functions were compiled by Hubbell
and @verbg'* and by Hubbell et al.,'” respectively. The K-
fluorescence yields of lead and of the heavy elements in the
phosphors were tabulated by Lederer et al.,'¢ and by Bam-
bynek et al."”

We measured the x-ray spectra that were the input to the
Monte Carlo program by using an x-ray spectrometer sys-
tem with a high-resolution germanium detector.® The x-ray
source was a Siemens tungsten-anode tube (Bi 150/30/50R)
with a Siemens 3-phase 12-pulse x-ray generator (Tridoros
150G-3). The inherent filtration of the tube was 1.5-mm Al
equivalent, and the added filtration was 1-mm Al for the 70-
and 80-kV spectra and 2-mm Al for the 120-kV spectrum
used.
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B. Experimental measurement of grid performance

We used the experimental setup shown in Figs. 1 (a) and 1
(b) for measurement of the transmission of total and of pri-
mary radiation of a grid, respectively. A special device was
made for moving the grid during x-ray exposure. The device
includes a stationary platform on which a screen—film cas-
sette can be placed in a fixed position, guided by rails on
three sides. Above the platform there is a tray which carries
the grid. A variable-speed motor drives the tray in a recipro-
cating motion by means of a mechanical joint that converts
the circular motion of the motor to a linear oscillating mo-
tion. The device also includes a phantom stand which sup-
ports a 30 X 30 cm?® water tank in a position centered at the
midpoint of the grid motion. We measured the grid trans-
mission at several settings of the motor speed and found no
observable difference in the results. Therefore we used a very
slow speed during the measurements, and the x-ray exposure
was made when the center of the grid passed through the
central ray of the x-ray beam. In this way, the loss of x-ray
transmission due to grid decentering was minimized.

Our tissue-equivalent phantom was a Lucite tank with 1-
cm-thick walls and an area of 30X 30 cm?, filled with water
to the desired depth. A screen—film system was enclosed in a
vacuum cassette, which was located on the platform at a
distance of 1 cm from the grid. The vacuum cassette has a
thin vinyl front surface that is essentially transparent to x-
rays. A lead sheet was placed between the back screen and
the aluminum backing of the cassette for reduction of back-
scatter.

For the measurement of total transmission, the water
phantom was supported on the grid device with a phantom-
to-grid spacing that varied from 1.2 to 1.4 cm, depending on
the thickness of the grid. A broad-beam geometry was em-
ployed. The focal-spot-to-grid distance was 100 cm, equal to
the focal length of the grids studied, and the field size was
30X 30 cm? on the water surface. For the measurement of
primary transmission, a narrow-beam geometry was used.
The focal-spot-to-grid distance was increased to 145 cm, and
the phantom was supported at a distance of 74 cm from its
bottom to the grid. The phantom was sandwiched between
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two lead collimators. The anterior and the posterior collima-
tor had circular apertures of 3.5 and 4.5 mm in diameter,
respectively, defining a beam of about 14 mm in diameter on
the image plane. This beam size was chosen based on a mea-
surement of 7, made with variable collimator apertures that
yielded beams from 12X 12 to 58 X 58 mm? on the image
plane. The results indicated that a beam area of 1.5 cm? pro-
vided a T, value less than 0.004 higher than the extrapolated
value for a zero beam diameter. This discrepancy was within
our experimental uncertainty. For convenience, we fixed the
beam size at the diameter of 14 mm for all of the T, measure-
ments without using the extrapolation procedure.

The x-ray source was a Siemens Bi 125/3/50RG tung-
sten-anode tube with a Tridoros 150G-3 generator. The tube
had a total filtration of 2.5 mm Al. A large focal spot (no-
minal size = 1 mm) was used at 70 and 80 kV, whereas a
small focal spot (nominal size = 200 um) was used at 120kV
for reduction of the output x-ray intensity for these measure-
ments.

We employed a high-precision focal-spot device'® to lo-
cate the central ray of the x-ray beam. The focal spot, the
grid device, and the collimators (for the measurement of pri-
mary transmission) were then carefully aligned so that the
central ray impinged normally on the center of motion of the
grid.

To obtain each measured transmission value, we exposed
at least six films each with and without the grid, so that a
range of film densities from about 0.8 to 2.2 was obtained in
each case. We adjusted the radiation intensity by changing
the mA setting while keeping the exposure time constant to
avoid the effect of reciprocity law failure on the film densi-
ties. An MDH ionization chamber (model 10X5-6 with a
model 1015 x-ray monitor) was mounted in a fixed position,
as shown in Fig. 1, for measurement of the relative incident
radiation for each exposure. The kV of the output x-ray
beam was monitored with a Machlett Dynalyzer II so that
only films exposed within + 0.5 kV error were retained. All
films were developed at the same time, together with a sensi-
tometric calibration film of the same screen—film system ex-
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posed with an intensity scale x-ray sensitometer.'® The film
densities were then plotted against the log relative exposure
for the cases both with and without the grid. We used the
shape of the sensitometric curve to fit a smooth curve to the
data points. Figure 2 shows an example of curves for a 7,
measurement with a Par Speed/XRP system. The transmis-
sion of the grid was calculated as the ratio of the incident
exposure without grid to that with grid for a given film den-
sity. This procedure can be applied to the measurement of
both primary transmission and total transmission. In the
latter case, very thin lead wires placed on top of the phantom
identified the position of the central ray, so that the film
densities could be measured consistently at the center of the
x-ray field. Thus we avoided any uncertainty caused by field
nonuniformity.

lll. RESULTS

We determined grid performance for 27 combinations of
x-ray tube potentials, phantom thicknesses, screen—film sys-
tems, and grid parameters. Table II shows the transmission
of total radiation and the transmission of primary radiation
obtained from Monte Carlo calculations and from experi-
mental measurements. Each calculated value is the mean of
ten runs; for each run, we employed 12 000-29 000 photons
incident on the grid. The standard deviation of the mean
varied from about 0.4% to 1.5% for the total transmission
and from about 0.7% to 2.4% for the primary transmission.
For the experiments, each transmission value was obtained
as an average of two or three measurements. The standard

deviation of one measurement was estimated to be 2.9% and
1.5% for the total and primary transmission, respectively;
these percentages correspond to a standard deviation of
about 0.01 in the transmission values. Figures 3 and 4 show
the measured total and the measured primary transmission,
respectively, plotted against the calculated values. It can be
seen that the experimental values agreed with the Monte
Carlo results within 0.02 except at four points. The correla-
tion coefficients were 0.99 and 0.97 for the comparison of the
total and primary transmission, respectively.

The BF and CIF derived from the measured and calculat-
ed transmission values are also listed in Table I1. The perfor-
mance of the grids with 40 lines/cm under various imaging
conditions is compared in a CIF versus BF diagram* (Fig. 5)
based on the relationship derived in Eq. {2). It can be seen
that, for a given grid, both the CIF and BF decrease as the
tube voltage increases and the phantom thickness decreases.
This may be attributed in part to the increase in the transmis-
sion of scattered radiation through the grid when the photon
energy increases. It may be noted from Table II, however,
that T, decreases slightly when the tube voltage increases
from 70 to 80 kV. This decrease probably results from a
complicated combination of changes in two quantities,
namely, the spectral distribution of the transmitted primary
radiation and the energy response of the screen phosphor, at
different tube voltages and phantom thicknesses, with and
without use of the grid.

The CIF and BF of a grid depend strongly on the energy
response of the recording system, as can be seen from the

TABLE I1. Measured and calculated grid performance data for various imaging conditions.

Monte Carlo Experimental
results results
T, T, BF CIF T, T, BF CIF

4 P

Tube potential Scatter-
Water thickness to-primary Primary Grid
Screen/film ratio fraction identification
70kV 5.92 0.145 40/6/50
25cm 40/8/50
Lanex Regular/OG 40/10/50
40/12/50
80kV 4.29 0.190 33/6/50
20 cm 33/8/50
Lanex Regular/OG 33/10/50
33/12/50
33/15/50
40/6/50
40/8/50
40/10/50
40/12/50
40/15/50
57/8/45
57/10/45
57/12/45
57/16/45
80 kV 6.77 0.129 40/6/50
20cm 40/8/50
Par Speed/XRP 40/10/50
40/12/50
40/15/50
120kV 3.19 0.239 40/6/50
15cm 40/8/50
Lanex Regular/OG . 40/10/50
40/12/50

0212 0.673 473 318 0195 0.678 513 348
0.172  0.653 583 3.80 0.154 0.658 649  4.27
0.146  0.625 6.83 427 0127 0.621 787  4.89
0.130  0.608 7.66 4.66 0.112 0.601 893 537

0.242  0.672 412 277 0257 0.682 3.89 265
0.201 0.644 497 320 0210 0.649 476  3.09
0.173  0.617 577 356 0.181 0.595 552 329
0.154  0.585 648 379 0.159 0581 629  3.65
0.135 0.553 739 408 0.140 0.544 7.14  3.89
0.246  0.665 407 271 0262 0.677 3.82 258
0.203  0.637 492 313 0213 0.632 469 297
0.177 0.622 564 350 0.170 0.620 5.88  3.65
0.157  0.597 636 379 0.158 0.602 6.33  3.81
0.140  0.565 7.15 404 0.131 0.566 7.63 432
0.224  0.659 446 294 0242 0.675 413 279
0.195 0.644 513 331 0199 0.653 503  3.28
0.175  0.628 5.1 3.58 0.168 0.588 595  3.50
0.148  0.5%4 674 400 0.133 0.563 7.52 423

0.177 0.646 565 3.65 0.192 0.658 5.21 3.43
0.143  0.617 6.98 431 0.151 0.633 6.62 4.19
0.123  0.597 8.15 487 0.127 0591 787  4.65
0.108 0.571 928 530 0110 0.565 9.09 5.14
0.095 0538 10.55 5.67 0.092 0527 1087 5.73

0.327 0.704 3.06 216 0355 0.728 2.82 205
0.276  0.683 362 247 0301 0.699 332 232
0.242  0.663 413 274 0264 0.682 379 2.58
0.219  0.641 457 293 0241 0.663 415 275

Medical Physics, Vol. 12, No. 4, Jul/Aug 1985
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FIG. 3. Comparison of measured total transmission with total transmission
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obtained.

curve for the Lanex Regular screens and that for the Par
Speed screens (Fig. 5). The large reduction in the recorded T,
leads to an increase in the BF and CIF for the Par Speed
system. However, the ratio CIF/CIF,,, (where CIF,,,, is
the maximum CIF achievable by an ideal antiscatter tech-
nique with a given recording system and is equal to the reci-
procal of the recorded primary fraction) for a given grid is
higher for the Lanex Regular system than for the Par Speed
system. This implies that the relative contrast improvement
efficiency of a grid actually decreases when the Par Speed
screens are used as the recording system. '
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IV. DISCUSSION AND CONCLUSION

In this study, we have devised an experimental method
with which we can accurately measure the transmission of
primary radiation and the transmission of total radiation by
an antiscatter grid in a setting similar to a practical imaging
situation. The main differences between our method and
that recommended by the International Commission on Ra-
diation Units and Measurements (ICRU)? lie in the x-ray
detectors used and the way in which the radiation transmis-
sion values are derived. Although the ICRU method is use-
ful in providing a standard from which the relative effective-
ness of various grids measured by different investigators or
manufacturers can be compared, it cannot be used for quan-
tifying of the grid performance parameters for a specific
imaging condition. As can be seen from the data in Table II,
the transmission values for the same grid vary over a wide
range that depends on the phantom, the tube voltage, as well
as the energy response of the recording system. It is therefore
important, when a radiographic examination is performed
with the use of an antiscatter grid, to determine the dose
increase factor and the contrast improvement factor based
on the grid performance measured under similar conditions.

The measured radiation transmission of the grids agrees
closely with that obtained by Monte Carlo calculations, as
discussed in the preceding section; nevertheless, small syste-
matic deviations can be observed between the measured and
the calculated values for grids of the same strip density and
under the same imaging conditions. For example, at 70 kV
the measured 7T, values are consistently slightly lower than
the calculated values, whereas this trend is reversed at 120
kV. At 80 kV, the measured T, values are higher than the
calculated values for low-ratio grids and are lower for high-
ratio grids at strip densities of 33 and 57 lines/cm. Similar
trends can be identified for some other conditions shown in
Table I1. These systematic discrepancies may be caused by
differences between the spectral distributions of the incident
x-rays used in the calculations and those used in the experi-
ments, since the x-ray tube mounted in our x-ray spectrom-
eter was different from that used for the transmission mea-



454 Chan, Higashida, and Doi: Measurement and simulation of diagnostic grid performance 454

surements. The possible difference between the parameters
in a practical grid and the nominal values employed as input
data in our Monte Carlo calculations may also contribute to
the discrepancies.

We have chosen the CIF and the BF as the parameters for
the evaluation of grid performance because they represent
the benefit (gain in contrast) and the cost (increase in patient
dose), respectively, of using a grid. These two factors depend
on 7, and T,, which can be measured directly by experi-
ments. When these performance parameters are plotted on a
CIF versus BF diagram, the tradeoff between the benefit and
the cost of using grids with various design parameters or
using grids under various imaging conditions can be com-
pared directly and unambiguously.* On the other hand, the
parameters such as selectivity and 7,, which are commonly
used as indicators of grid performance,”' are not directly
related to the benefit and cost of using a grid. In fact, since
CIF levels off at large selectivity values for a given scatter-to-
primary ratio,®?' the use of a grid which has a much larger
selectivity than another grid may not result in a much larger
gain in contrast, whereas the patient exposure may become
unacceptably high. Furthermore, two different grids which
have equal selectivities may have very different BFs, because
a reduction in 7, and T (transmission of scattered radi-
ation) by the same factor leads to the same selectivity value
while the T, of one grid will become much smaller than that
of the other. This occurs when the grid design parameters are
not chosen properly.* Therefore the use of selectivity as an
indicator of the effectiveness of a grid can be misleading, and
we believe that selectivity values should not be used for the
comparison of grid performance.

Our results confirm that the variation in the CIF and BF
values for a given grid among different imaging conditions
can be larger than the variation of these factors among differ-
ent grids. Therefore a meaningful comparison of grid perfor-
mance can be accomplished only if the grids are evaluated
under similar conditions. However, a more thorough investi-
gation should be conducted on the dependence of the relative
performance of grids on imaging conditions. The informa-
tion obtained will be useful for the optimization of grid de-
sign under various imaging conditions.

The results of this investigation indicate that the Monte
Carlo calculations can accurately predict the performance of
antiscatter grids under diagnostic imaging conditions. The
computer simulation method facilitates the comparison of
the effectiveness of grids with various design parameters, by
taking into consideration the incident x-ray spectrum, phan-
tom material and size, and the energy response of the record-
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ing system. Thus the grid design for a given radiographic
procedure can be optimized without the construction of
many experimental grids and without tedious measure-
ments. We have applied our Monte Carlo programs to the
study of the effects of various grid parameters (strip density,
grid ratio, lead-to-interspace ratio, interspace material, and
lead content) on the contrast improvement capability and
the dose requirement.* The grid performance was evaluated
by means of a CIF versus BF diagram. The results of these
studies have led to the development of high-strip-density
grid techniques for both general radiographic® and mammo-
graphic examinations.’
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