Chicago 2000 World Congress on Medical Physics and Biomedical Engineering, July 23-28,
2000

Experimental and simulation results of two-dimensional
prototype anti-scatter gridsfor mammography

Cha-Mei Tang?, Tom Fewell®, Robert Jennings’,
Rebecca Fahrig®, David Jaffray®, Martin Y affe®
%CMT, Creatv MicroTech, Inc, Potomac MD 20854
PCenter for Devices and Radiological Health,

Food and Drug Administration, Rockville, MD 20857
“Stanford University, Stanford, CA 94305
4Oakland University, Rochester, M| 48309-4401
®University of Toronto, Toronto, Ontario M4N4M5 Canada

ABSTRACT

Experimental and simulation results are reported here for two-dimensional, air-core, anti-
scatter grids designed for mammography. Two unfocused nickel grids, 2 cm? in size,
were fabricated. Monte Carlo simulations were performed using a Mo-anode spectrum
source and added Mo filtration. Preliminary calculations for a 2 mm-high nickel grid and
a4 cm Lucite phantom indicate that a scatter-to-primary ratio below 3% can be achieved
even 3 cm from the center of the grid. Experiments to test the performance of the grids
have been conducted at the FDA using a Mo target, a Mo filter, and a Lucite phantom,
with a germanium detector. These nickel grids increase transmission of the primary x-
rays and reduce transmission of the x-rays in the scattered directions compared to a
conventional one-dimensional grid (a mammographic grid made by Smit Rontgen).
Thus, two-dimensional nickel grids have the benefit of producing smaller scatter-to-
primary ratio than a conventional reference grid, and improving contrast. The
demonstration of larger focused grids is the next goal.



1. INTRODUCTION

Most commercially available mammographic anti-scatter grids are one-dimensional,
focused arrays of lead lamellae, sandwiched between more x-ray transparent spacer
materials such as fiber or wood.**? Two-dimensional (2D), air-core, focused, anti-scatter
grids are expected to be able to significantly reduce scatter-to-primary ratio and increase
primary transmission in mammography.

In this paper, we report experimental and simulation results for two prototype 2D, air-
core anti-scatter grids. The fabrication method uses x-ray lithography and electroplating,
which allows the fabrication of high aspect ratio metal parts.*'® The grids are made of
nickel (Ni) with 20 um thick walls (lamella) and 300 um period. This geometry provides
an 87.1% transmission of primary radiation. Grids of a desired grid ratio are obtained by
stacking an appropriate number of layers, each approximately 250-350 pm thick.*®

The first prototype (Ni.1) is 1.48 cm x 1.48 cm and the second prototype (Ni.2) is 1.32
cm x 1.44 cm. Each layer of the grid is assembled from nine smaller grid pieces. Figure
1 shows the simplified drawing of the parts of the Ni.2 grid before assembly. The
assembly technique allows construction of large grids.*®
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Fig. 1. The partsof Ni.2 grid before assembly.



2. MONTE-CARLO SIMULATION OF Ni ANTI-SCATTER GRID AT
MAMMOGRAPHIC ENERGIES

The typical approach to the calculation of scatter-to-primary ratios (S/P) uses a Monte
Carlo ssimulation to calculate the outcome of several thousand photon histories, where a
new calculation must be performed for each acquisition geometry and for each grid that is
being tested. In order to simplify the process (and to avoid lengthy and repetitious
calculations), we combined a Monte Carlo calculation of scatter fields with a
deterministic model of the interaction of the x-ray photons with the anti-scatter grid.
Although both stages of the model include certain simplifications, estimates of
appropriate grid design parameters can be derived from the model.

2.1 Monte Carlo Simulation M odel

The geometry modeled in the Monte Carlo simulations is shown in Fig. 2. The fan beam
originates at a point focus, and covers a 20 cm x 20 cm cross-sectional area. The x-ray
source, one edge of the phantom, and one edge of the detector area are aligned at the
chest wall; since no chest-equivalent material was included in the simulation, a small
underestimate of scatter close to the chest wall was assumed. Note that the source-to-
detector distance was held constant at 60 cm for all phantom thicknesses.

The breast was modeled by a homogeneous block of Lucite, with a cross-sectional area of
20 cm x 20 cm, of variable thickness T. Although an area of 400 cm? is rather large for a
breast (typical values for compressed breast area range from 35 cm?® to 270 cm?, with
radii of 4.7 cm and 12.7 cm respectively for a hemi-cylindrical geometry), this model
allows examination of S/P for a range of breast sizes. Note that the typical drop in S/IP
generally seen at the edges of the breast will not be present in the scatter field. Previous
investigators have shown that a 4 cm thick block of Lucite results in the same amount of
radiographic attenuation as 5 cm of BR-12 (a common breast-equivalent phantom
material).!” Scatter fields were therefore calculated for Lucite thicknesses of 2, 4, and 6
cm, which should represent roughly 3, 5, and 7 cm of breast tissue, respectively. Jing
et.al. (1998) have also argued that the angular distribution of scatter generated in Luciteis
likely to be similar to that of breast tissue and of BR-12.1

A 30 kVp spectrum with 30 um of added Mo filtration, taken from the measured data of
Fewell and Shuping (1978), was used for al of the calculations presented here. The
average photon energy of the spectrum is 18.4 keV, dlightly higher (~ 1.5 keV) than
current tubes that have a beryllium window instead of a glass window. For spectra with
the same added filtration but at energies of 25 and 35 kVp, the mean energy changed very
little - from 17.7 to 19.4 keV. In previous studies of S/P for scanning slot geometries, it
had belgn shown that this change in energy can lead to changes in S/P on the order of
~10%.

The Monte Carlo simulation was implemented using the EGS4 code system,® including
the atomic binding effect on Compton scattering® and the effect of molecular structure of



the Lucite on coherent scatter.?? Note that this code has been compared with previously
published experimental data,'’ and has been shown to agree within 10% for Lucite
thicknesses up to 6 cm. Each run traced the histories of 100,000 photons. Typical data
generated by the Monte Carlo simulation are presented in Table |. The parameters of each
photon were recorded at the point when the photon crosses the 'detector' or grid plane.
The first column indicates whether the photon had undergone a scatter event or not,
where 1 indicates a primary unscattered photon, 2 indicates a photon whose only
interactions were coherent scatter, and 3 indicates a photon that had undergone
incoherent scatter. The second column indicates the energy of the photon at the time of
recording. The third, fourth and fifth columns indicate the location of the photon in 3-D
space, and the last three columns are the directiona cosines of the photon trajectory (i.e.
the cosines of the angles that the photon trajectory makes with the x-, y- and z-axes).
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Fig. 2. Geometry modeled in the Monte Carlo simulation.

Table 1. Sample data (5 histories) produced by the EGS4 Monte Carlo simulation
code.

Interaction | Energy | Location | Location | Location C[:)cl); ([:)('); ([:)cl,rs
L abel (keV) X Y Z y v 5
2 15 15.34 -5.09 60.00 -0.125 0.483 0.867
1 18 12.44 -2.03 60.00 0.209 -0.033 0.979
1 18 0.21 -6.31 60.00 0.003 -0.105 0.994
2 16 16.41 -3.82 60.00 -0.212 0.908 0.359
3 8 10.80 5.07 60.00 0.122 0.382 0.916

2.2 Deterministic Model

The upper surface of the grid is assumed to lie 60 cm from the source, and covers the full
20 cm x 20 cm area of the phantom and field. Thisareaisthen divided into grid elements,



according to the grid geometries (A) 20 um thick lamella and 300 um period and (B) 10
um thick lamellaand 150 um period. A schematic diagram of the result is shown in Fig.
3.

The following caculations were

performed for each photon history:

1. The grid element (u,v)i, that the x-
ray photon hits at the grid
entrance surface was determined
using the (x,y,z) specified in the
history file.

2. The grid element (u,v)oy that the
x-ray photon hit at the grid exit
surface was determined, using the
(X,y,2)in location of the photon,
the angle cosines and the height
of the grid.

3. The number of lamellae crossed in
the x and y directions was
determined by subtracting (u,v)in
from (U,v)out.

4. When [(u,V)ou - (U,v)in] was not equal to 0, the path length through a grid lamella, in
the x- and/or y-directions, was calculated, and the fractional probability of the photon
reaching (u,v)out Was determined as follows

[~ #(Mxuout ~Uinl+Ayvout—vin|) |

P . =10xe ,

out
where pu is the attenuation coefficient of Ni at the energy of the photon, and Ax and Ay
are the path lengths of the photon through the lamellae in the x and y directions
respectively.

Grid element
(u,v)

*7 Radial bin

Fig. 3. Schematic representation of the grid
geometry, including evenly spaced radial bins

Using the interaction label, the numbers of primary, coherent and incoherently scattered
photons reaching the exit plane of each grid element were determined by summing up the
results of steps 1 to 4. Note that the final number of photonsin a grid element can be non-
integer, due to the effect of the grid attenuation. The field was then divided into 20
equally spaced radial segments, and mean values for S/P and for primary transmission
were calculated as a function of radial distance from the central ray at the chest wall. The
S/P was calculated from photon statistics alone, and was not weighted in any way to
account for the interaction of the photons with the detector. The aternate approach of
energy-weighting the photons prior to summation led to differencesin /P on the order of
~5%. This model assumes that al interactions in the grid were photoelectric in nature,
and that no additional scatter occurred in the grid.



2.3 Reaults

The data are plotted as a function of

radial distance from the central ray, and
as a function of grid height. A few notes
regarding the results:

1. The S/P at the input plane of the grid,

Scatter-to-Primary Ratio

for the 2, 4, and 6 cm Lucite

phantoms were 0.341, 0.663, and
0.989, respectively.

Radial Distance (cm)

2. The statistics in the first 3 or 4 radial Fig. 4. Scatter-to-primary ratio for 4 cm
bins are not very reliable, since the [ ycite, at 30 kVp and grid with 20 um thick

area covered by each bin was |amellaand 300 um period for agrid height
relatively small. This led to some of 1 mm and 2 mm.

variability that was due to noise rather
than to geometrical effects.

Note that, for an unfocused grid, we were only interested in the S/P within 1-2 cm from
the center, sinceit is not relevant for larger radial distances. Figure 4 isaplot of S/Pratio
for 4 cm Lucite, at 30 kVp and grid with 20 um thick lamella and 300 um period for a
grid height of 1 mm and 2 mm. The increase of S/P for large radia distance is primarily
caused by reduction of primary radiation, which in turn is caused by an unfocused grid.
In the future, the statistics will be improved with longer runs.

3. EXPERIMENTSAT MAMMOGRAPHIC ENERGIES

Experiments to measure the performance of the grid were designed and performed at the
Center for Devices and Radiological Health, Food and Drug Administration, Rockville,
Maryland. Several experimental options were analyzed. The following procedure was

chosen primarily based on the small size and unfocused nature of the grid.

The goal was to measure the transmission of the incident
x-ray beam impinging on the grid as a function of its
direction. The coordinate system for the measurements is
shown in Fig. 5. The angle between the x-ray beam and
the normal direction to the grid is ¢, and the angle, in the
plane of the grid, of the structure (lamellae or walls)
relative to the axis of rotation is 6. The x-axis of the grid
is shown in Fig. 1. The data collected with ¢=0,
normalized by a measurement with no grid in place, gives
the transmission of the primary radiation. The data for
@>1° gives the transmission of the scattered radiation.
Even though direct measurements of the scatter-to-

X-ray

A
|

Fig. 5 The geometry for
measurement of
transmission of
radiation.



primary ratio (S/P) could not be obtained experimentally due to the small size of the grid,
the experimental procedure described here can provide detailed comparisons of the
performance of various grids.

3.1 Experimental Setup and Data Collection Procedure

The experimental setup, shown in Fig. 6, used a narrow x-ray beam and measured the x-
ray transmission as a function of the angle of incidence. The x-ray source was a Eureka
x-ray tube with a molybdenum (Mo) target and 30 um Mo filter. The x-ray beam went
through a 3.2 mm diameter aperture placed 7 cm from the source, followed immediately
by a 4 cm thick polymethyl-methacrylate (PMMA, aso called Lucite) phantom. A
second 2 mm diameter aperture was placed 81 cm from the x-ray source. A germanium
detector was placed 119 cm from the second aperture. A holder for the grid was
machined and mounted on a rotation stage. The grid can be manualy moved in the
vertical direction and in the horizontal direction. The grid was placed 1.3 cm in front of
the detector.

The diameter of the detector was 11.3 mm, giving an active area over 100 mm?®. The x-
ray beam diameter at the grid was 5 mm. A 3 mm diameter aperture was placed in front
of the detector to pick out the central portion of the x-ray beam after propagating through
the grid. The apertures and the source were aligned using x-ray film. The x-ray flux was
sufficiently reduced with the small aperture to perform single photon counting to obtain
X-ray spectra.

For comparison, measurements were also made with a commercial mammographic grid
made by Smit Rontgen. This is a 1D grid made of lead and fiber. The lead lamella
thickness is 16 um and the interspace fiber material thickness is 300 um (31 strips per
cm). The outside surfaces are made of carbon fiber; the grid ratio is 5:1; the focal
distance is 60 cm.

3 mm Aperture

3.2 mm Aperture 2 mm Aperture Grid
. Holder
7 cm Lucite . 1.3cm
[« 81 cm 119 cm Grid ot
X-ray ke e : \ »
source | I \ ,7
A, - - i Detector
v\I'\’o’rcrrion
Stage

Optical Bench

Fig. 6 The experimental setup. (Not drawn to scale.)



The transmission of x-rays as a function of x-ray energy for 20 um thick nickel and iron,
and 16 um thick lead are plotted in Fig. 7. For energies below 16.5 keV, the transmission
of lead is similar to iron. Nickel is a little better than iron for the same thickness. For
energies above 16.5 keV, the attenuation of radiation of lead is superior.

The experimental procedure was to align
the grid perpendicular to the x-ray beam

with the rotating stage set at ¢=0°. When 08 | ‘/#““‘“

1.0

the grid was rotated, the grid walls
intercepted more of the x-ray beam. Data

were taken for the following angles: al: —iaa
=0°, +1°, +2°, +4° +6°, +8°, +10°, 02 | —oton |
+12°, +15° and +20°. At each angle, an 00 L X, |aled

X-ray spectrum was taken. The raw 0O 10 20 30 40 50

spectra are corrected for Compton Energy (keV)

scattering and K fluorescence of the Ge  Fig. 7. Transmission of x-ray asa

to generate the true x-ray spectrum that  function of the x-ray energy for 20 um

passed through the grid. thick nickel and iron, and 16 um thick
lead.

0.6 [

Transmission

Using the x-ray spectrum, one can predict
the effect of the grid on the energy
absorbed by a mammography screen.
The screen was assumed to be a Kodak Min-R screen with a phosphor loading of 33.5
mg/cm? of Gd,O,S. Energy absorption data for this screen were calculated based on the
paper by Dance et al. 1990. The percentage of transmission T(@,¢) is obtained using

the following formula,
T S(E,0,p)A(E)EdE
T(0.9) =—¢ :
[ S.(E)A(E)EdE
0

where S(E,8,¢) is the corrected x-ray spectrum, A(E)is the intensifying screen energy
absorption function, S,(E) is the spectrum of the radiation without the grid, E is the x-ray
energy, E_ isthe kVp of the x-ray tube and T is the x-ray transmission as detected by
the screen.

3.2 Dataat 30kVp

Data reported here were taken at 30 kVp and approximately 2.0 mA current using alarge
focal spot (nominal 0.3 mm) for a 2.00 mm thick Ni grid fabricated with mask layout 1
(Ni.1 grid), and for a 1.78 mm thick Ni grid fabricated with mask layout 2 (Ni.2 grid). A
one minute exposure was used at ¢=0°. At larger angles, the exposure time was
increased to compensate for the decrease of x-ray transmission.
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For 6=0°: The conventional reference grid was positioned so that the lead lamellae are
oriented in the vertical direction and the grid was centered. Fig. 8 shows curves of
transmission as a function of angle ¢ for the Ni.1, Ni.2 and the conventional reference
grids.

e Transmission of the Primary Radiation (¢=0°): The transmission of the Ni.2 grid
at ¢=0° was 84.8%, very close to the predicted value of 87.1% based on the grid
dimensions. The transmission of the Ni.1 grid at ¢p=0° was 75.5%, much less than the
Ni.2 grid. The transmission of the conventional reference grid at 0° was 71.7% due
to the interspace material and carbon fiber covers.

e Transmission of Scattered Radiation (¢ > 1°): For ¢>1° the transmission of the
Ni.1 grid was lower than that of the Ni.2 grid, consistent with the grid ratio. The
slopes of the transmission curves for al three grids are consistent with transmission
determined by geometric parameters only, specifically the height of the grid and the
periodicity.

30 KVp ° N?.l Gr?d (2.00 mm)
0=0 . ——Ni.2 Grid (1.78 mm)

=i -Conventional Grid

Transmission

0 5 10 15 20
Angle ¢ (degrees)

Fig. 8 Transmission of x-raysat 30 kVp asafunction
of the normal incidence angle ¢ for 8 =0°.

For 6=45°: Fig. 9 shows curves of transmission as a function of the angle ¢ for the Ni.1
and Ni.2 grids. For ¢ between 1° and 10°, the slopes of the transmission for the Ni.1
and Ni.2 grids are consistent with the transmission based on geometry. However,
between 10° and 20° the transmission is between 5 to 10 percent. The conventional
reference grid curve is calculated based on geometry.
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30 KVp o—Ni.1 Grid (2.00 mm)

0=45 degrees ——Ni.2 Grid (1.78 mm)

0:8 — - Conventional Grid

Transmission

-20 -15 -iO —‘5 0 é 1‘0 1‘5 20
Angle ¢ (degrees)
Fig. 9 Transmission of x-rays at 30 kVp asafunction
of the normal incidence angle ¢ for 6 = 45°.

For 6=90°: The transmissions of the Ni.1 and Ni.2 grids are identical to the transmission
curves shown in Fig. 8. For the conventional reference grid, the measured
transmission at ¢=0° is 71.7% and the calculated transmission for angles up to ¢=20°
decreases only dightly, see Fig. 10.

30 KVp o—Ni.1 Grid (2.00 mm)
—&—Ni.2 Grid (1.78 mm)

0=90 degrees
9 o.sA —i— Conventional Grid

)
i\ —a -

| — — —x——k A —

Transmission

Angle ¢ (degrees)

Fig. 10 Transmission of x-rays at 30 kVp as afunction
of the normal incidence angle ¢ for 8 =90°.

The shortfal of the observed primary transmission from the predicted primary
transmission at ¢ =0 degrees for each grid is due to tilt of the grid in the vertical

direction during measurement. The consistently lower transmission of primary
transmission of the Ni.1 grid relative to the Ni.2 grid is due to imperfect alignment of the

12



grid layers during stacking and also due to dlight buckling of some grid walls during
assembly.

3.3 Dataat 26 kVp

Datafor the Ni.2 grid was aso collected at 26 kVp for 8 =0° and € = 45°, shown in Fig.
11. Thetransmission results are amost identical to that for Ni.2 for ¢ <10°. For € =0°,
the transmission for 26 kVp is about 0.01 smaller than transmission for 30 kVp. For
0 = 45°, the transmission for 26 kVp is about 0.03 smaller than transmission for 30 kVp.
Thisis consistent with the spectrum of the x-ray source and the attenuation of Ni.

26 KVp ——theta=45 deg
Ni.2 Grid - o 'theta=0

Transmission

-20 -15 -iO ‘5 0 g 1‘0 15 20
Angle ¢ (degrees)
Fig. 11 Transmission of x-raysat 26 kVp for Ni.2

grid as afunction of the normal incidence angle ¢
for 6=0° and & =45°.

4. SUMMARY OF EXPERIMENTAL RESULTS

The data shown in Figures 8-11 provide significant insight into the performance of a
large focused grid. The transmission of primary radiation corresponds to the data taken
at angle ¢ =0°. Reduction of the scattered radiation is dependent on the reduction of

the transmission at angles ¢ >1°. The data indicate that 2D grids made of Ni with 20

um lamella thickness, 300 um period, and a grid height of 1.78 mm to 2.00 mm exhibit
reduced transmission of scattered radiation (¢ >1°) and increased transmission of
primary radiation (¢ =0°) compared to the conventional reference grid. Thus these 2D

grids would have the benefit of producing a smaller scatter-to-primary ratio than a
conventional reference grid, and improving contrast.
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