Food & Health 2025, 8(2): 1-11

Food & Health

Journal

Journal homepage: sanad.iau.ir/journal/fh

Optimization and measure scatter ratio by Robust Fourier-based slanted-edge method

Mehdi Fazli *!

! Department of Mathematics, Ardabil Branch, Islamic Azad University, Ardabil, Iran.

ARTICLE INFO

ABSTRACT

Original Article

Article history:

Received 29 January 2025
Revised 17 February 2025
Accepted 10 March 2025
Available online 25 March 2025

Keywords:
Fourier domain
X-ray imaging
X-ray scatter
Optimization

Patient scatter incident on an x-ray detector reduces radiographic contrast and adds quantum noise,
and minimizing scatter is critical in some specialized techniques such as dual-energy and energy-
subtraction methods. Existing methods to measure scatter are either labor-intensive ‘(multiple disks)
or not appropriate to use in radiography where scatter often exceeds the width of the x-ray beam.
Develop a method to measure the scatter-to-primary ratio (SPR) that can be used for a wide range of
radiographic and mammographic conditions, both with scatter equilibrium (scatter function does not
exceed primary-beam width) and without. Fourier theory is used to show the SPR can be measured
from the low-frequency drop (LFD) of the Fourier transform of the derivative of a nor- malized edge
profile. The method was validated both experimentally and by simulation for radiography and
mammography under scatter equilibrium and nonequilibrium conditions. The theoretical derivation
showed that by normalizing an edge profile with a profile without the edge, scatter equilibrium is not
required and the method accommodates a nonuniform primary beam from beam divergence and Heel
effect. The method was validated by a simulation study for a range of scatter-LSF’ widths, primary-
beam widths, and image regions of interest used in the analysis. Experimental scatter measurements

agreed with a similar edge-method published by Cooper when scatter equilibrium is achieved.

© 2025, Science and Research Branch, Islamic Azad University. All rights reserved.

1. Introduction

X-Ray scatter generated within a patient reduces radio-
graphic contrast by adding a near-uniform scatter signal to the
image and reduces signal-to-noise ratio (SNR) by adding
quantum (Poisson) noise from detection of scatter photons (1).
Scatter is often minimized using a combination of air gap,
anti-scatter grid and beam collimation, and the success of some
specialized imaging techniques, such as dual-energy and
energy-subtraction methods, are particularly sensitive to
achieving a low scatter-to-primary ratio (SPR)(2). In these
situations, a simple and direct method to measure the SPR
(also called the scatter ratio) at selected locations in a phantom
image and under a wide range of conditions is required for
several reasons including experimental validation of model
predictions, to determine effectiveness of an anti-scatter grid,
or to determine whether measured signal and noise are close to
theoretical expectations.

Scatter estimation and correction has long been an
important consideration in CT and cone-beam CT. Sun and
Star-Lack developed an effective semi-empirical model
validated by Monte Cario methods to remove scatter from
projection measurements. Kermani and Feghhi describe a
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beam-modulating approach for high- energy industrial
radiography. Computational methods. using Monte Carlo and
artificial intelligence can be very effective but require
expertise in those methods (3-8). None of these approaches
negate the need for direct measurement in many cases.

The first direct measurements of scatter and glare (9-10)
used beam-stop discs of vari- ous diameters and extrapolation
to a zero-diameter disc (11). developed a method to measure
SPR in mammography using a beam-blocking edge such as
the tungsten edge often used to measure the modu- lation
transfer function (MTF) to avoid the need for multiple discs
and measurements (12,13). Their method is appropriate when
scatter is constrained to half the beam width, a condition we
call scatter equilibrium, and was validated using the Seibert
method.

We build on the Cooper approach by using a nor- malized
and over-sampled edge profile (14-16) and show it provides
three primary extensions to the Cooper approach: (1) it does
not require scatter equilibrium, nor a uniform phantom,
making it appropriate for large air gaps, anthropomorphic
phantoms and radio- graphic applications other than
mammography; (2) it enables the use of a smaller beam and
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region of interest (ROI) for the analysis, and (3) it is tolerant
of edge-alignment errors. We show that for the spe- cial case
of scatter equilibrium with a uniform water phantom, resulting
in shift-invariant scatter, it can also be used to determine the
scatter line-spread function (LSF) and characteristic function
in the Fourier domain.

Our method uses a Fourier analysis to separate broad scatter
tails measured in edge images in the spatial domain from the
transmitted primary beam. Although the Fourier transform
(FT) is used throughout, we provide a detailed theoretical
analysis to show that while linear image data is required, the
SPR is correctly determined from the low-frequency drop
(LFD) in the Fourier characteristic function even when scatter
equilibrium is not achieved or scatter is shifting variant.
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Figure.1. Illustration of scatter generated in a nonuniform
phantom (or patient), showing scatter generated at position x’
and depth z' in the phantom arriving at xo on the detector,
where qo(x) is the distribution of photons incident on the
phantom, qp(x) is the distribution of primary photons
transmitted through the phantom and incident on the detector,
and gs(x) is the resulting distribution of scatter. Terms tlI, t2,
and t3 are transmission factors in the segments as illustrated.

2. Theory of LFD Method

Our description of scatter is illustrated in Figure 1 where x
is the direction across a one-dimensional detector and z is the
perpendicular depth into a nonuniform phantom (or patient).
One-dimensional detector geometry (x) is used for simplicity
but the same results are obtained if a two-dimensional
geometry (X, y) is used. This model is equivalent to that used
by Sun and Star-Lack (3). Scatter distribution received at x
from a narrow beam of width A, at x = x' is given by

qs(x,x") where
45t x') = f G0 (x") Aty (', 2, 2 g (e x's 2)dz’ (1)

and where qo(x)[mm™1] is the distribution of photons
incident on the phantom, c(x',z")[mm™] describes the
probability of generating scatter per primary photon and unit
distance z at (x,z") , g(x,x',z)[mm™1] describes the
probability density scatter generated at (x',z") is received at x

on the detector, and t;,t, and t; are transmission factors as
illustrated. The transmitted primary beam ¢p(x') can be
expressed as

ap(x") = qo(xNt (x", 2)t5(x", 2") ()
for any z', and solving for scatter at X = X, gives

a0s(%. X))y, = gr(X)Ax f c(X,2)g(x.X,2)/t,(X,2)dZ]|_,
= qP(X)AXa(X)sE(X,XNX:XO 3)

The product as.represents the effective value of the product
cg / t, from the integral along z through the nonuniform
phantom and depends on many factors including phantom
shape, composition, and density. The product gives the scatter
distribution, relative to transmitted primary, coming from the
narrow beam at x, and s, is defined to have unity area for any
x'.

Since we are solving for scatter at x = x, only, we can

substitute s, (x,x") = s, (xo — x"). Integrating over all

asler, = [ @ CO(R)sx, (x = Xk, _, @

This is recognized as being a convolution integral evaluated
at x = x,:

s |x=x, = [a(X)qp(X)] * SXo(X)|x=x0 ®)

Equation (5) does not imply a convolution-based linear and
shift-invariant (LSI) model of scatter. Rather, it shows that
scatter at x = x, from a nonuniform phantom and nonuniform
primary beam can be expressed as a convolution of the
transmitted primary, scaled by a(x), with the scatter function
specific to x = x,, and the result evaluated at x = x,. Only for
the special case of a uniform phantom, where a(x) is constant
and the scatter function becomes a shift-invariant LSF, is
scatter given by the convolution integral.

qs(X) = agp(X) * S(X) (6)

where « is therefore seen to correspond to the SPR for an
infinitely-wide beam incident on an infinite scattering
medium.

In this work we use the convolution-based description in
Equation (5) and set x, = 0 as the position we measure the SPR.
Therefore, a and s(x) must correspond to that position, and we
show below that we do not need to know the shape of s(x)
provided it has unity area and width much greater than the
detector LSF.

2.1. Convolution model of scatter
At the center of a primary beam of width b with scattering

medium larger than b, scatter is given by expanding Equation
(6) as.
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a=a [ aosx-0dtl,_, O
b/z X
= aqp f % S(X)dx ®
_b/2

= afqp €))

where q, = q,(X )|X=0, and B is the integral of s(x)
weighted by the incident beam profile. We say scatter|
equilibrium is reached when 8 = 1 and the SPR, also called the
scatter fraction, corresponds to that of an infinite beam and
infinite scattering medium. In general, § < 1 and the measured
scatter fraction corresponds to the product afS, giving the
scatter fraction at the center of a specified finite beam which
generally decreases as beam width is reduced. This result does
not require a uniform beam, but scatter is expressed relative to
the primary beam at the edge position. The detector signal,
d(x), is proportional to the sum of detected primary and scatter:

d(X) = klqp(X) + qs(0] * L(X) (10)
= kap(X) * (L) + asy « LOO] 55,00, _, an
= kqp(X) * p(X) (12)

where k is a constant of proportionality and the kernel p(x),
having area 1 + a, describes detector blur and scatter as a
convolution with the transmitted primary beam.

The detector LSF, 1(x), consists of a narrow peak, Ip(x),
generally having width much less than a millimeter, and
sometimes a small broad base from detector glare, 1g(x):

lx) = A-Nlpx) + vigx) (13)
where y is the glare fraction. The kernel p(x) is therefore
p(x) =1(x) +as(x) * I(x) (14)

A =) +pp (x) (15)
which consists of the narrow peak (1 — y)Ilp(x) plus a
broad base

Py () = Ylg() + a(l = Y)s(x) *p(x) + as(@) * Ly(x)
resulting from scatter and glare. In the Fourier domain this
corresponds to

Pw) = (1 = VT,w) +Pp (w) (16)

where 7,(u) is the detector MTF excluding glare, P,(u) =
yTgw) + a1 — Y)SWTp(u) + aySw)Tg(w) is a narrow
peak at u = 0, and S(u) is the FT of s(x) and is also a narrow
peak at u = 0. Separation of the narrow peak at u = 0 within
P(u) is key to our method and is used to distinguish the broad

base resulting from glare and scatter from nonglare and non-
scatter.

These relationships are illustrated in Figure 2. Uppercase
variables indicate the FT of lower-case variables except for
T(u) = F {l(x)}. Zero-frequency values indicated by dashed
lines on the Fourier vertical axis are known from the Fourier
central-ordinate theorem.

/
Position [mm]

aS(u)T(u)
«-—

Spatial Frequency [cy/mm]

Figure.2. Illustration of p(x) = I(x) + as(x) * 1(x) in the spatial
domain (upper), corresponding to P(u) = T(u) + aS(u)T(u) in
the spatial-frequency domain (lower). If all curves are
symmetric about zero in the spatial domain, they are real-only
in the Fourier domain.

2.2. Slanted-edge method

The slanted-edge method (12,14) has become the standard
method to measure the detector LSF and MTF and is more
accurate than other methods at low frequencies (17), important
for this work. A radio-opaque edge is angled a few degrees
(e.g., 1 to 15) from the pixel-column direction and all pixel
values in the ROI are combined into a single 8% over-sampled
edge profile which ensures negligible aliasing in the profile.
Open-source code is available to assist with this calculation.

With no scattering medium present, the edge profile is
differentiated to generate I(x) and the detector MTF is given
by T(u). With the scattering medium present as illustrated in
Figure 3, the FT gives P(u) which includes scatter. If the edge
is placed at the same distance from the detector for each
measurement, both T(u) and P(u) experience the same focal-
spot blur.

2.3. Open and edge profiles

The open-field profile d,(x) for an infinite primary beam
and scattering medium is given by
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do(x) = ka(x) * p(x). a7

Using Equation (9), the open-field profile value at the center
of a finite beam is d, given by

Scattering
Material

Edge Plate
Detector

Figure.3. Schematic illustration of configuration used to
obtain the scatter LSF from a water phantom. LSF, line-spread
function.

do=k [ apCOp(x-X)ax a9
b/2 T
=kf%am@—m+w@_mwx (19)

_b/
= kgoll + ap] 20)

With the edge plate in place, the edge-image profile q,(x)
is given by

qe(0) = k[pgC)YH)] * p(x) (21

where H(x) is the Heaviside function. Our objective is to
determine the product af3, the scatter ratio from a finite beam,
and s(x), from measured open and edge-image profiles d,(x)
and d.(x).

We have not placed any restriction on the beam profile
qp(x), and some nonuniformity is expected from Heel effect
and beam divergence. Although bright-field calibrations are
used to accommodate variations in beam profile and pixel-
gains, the actual profile generally remains inaccessible to the
user. We therefore explicitly require normalization of an
average edge image by an average open-field image (after
subtracting an average dark image from each) acquired under
identical conditions but without the edge plate. This gives e(x)
= de(xyd,(x) where d.(x) and d,(x) need not be bright-field
corrected but the detector must have a linear response such that
pixel value is proportional to exposure. The following
simulations use a primary beam with maximum width 400 mm
and off-centered 30% increase due to Heel effect as illustrated
in Figure 4, although a variation of more than 15% was never
seen in any experimental work.

These steps are illustrated in Figure 5 for a beam of width b
=200 mm and narrow and wide scatter LSFs o,= 5 and 50 mm
in left and right columns, respectively. Open and edge profiles
are shown in (b) and (c), and the normalized edge profile e(x)
in (d). Scatter equilibrium is achieved if e(x) reaches 0 and 1

in attenuated and unattenuated limits, respectively. Profiles are
determined only within an ROI of width » = 100 mm within
the beam as illustrated in (¢) and (f) for e(x) and é,(x).
Additionally, the effect of the nonuniform beams which do not
achieve scatter equilibrium is evaluated in the frequency
domain as shown in Figure 6, and described in detail in the
appendix.

1.0 1

0.6

0.4

0.2

Primary Beam Profile, g,(x)

0.0 T T T
—-200 =100 O 100 200

Position (mm)

Figure.4. Simulated primary-beam profile with a width of 200
mm and approximately 30% Heel effect.

2.4. Scatter
Using the quotient rule,

de() _ do()

ér(x) = 2000 do(x)e(x) (22)
for [x| < r /2 where
do(x) = kap(x) * p(x) (23)
de(x) = k[q, COH ()] * p(x) + kqpp(x) (24)

and we used the product rule of differentiation and the
convolution property

a r
520 * b()] = a'(x) * b(x).

In the appendix we show that Equation (22) can be
simplified to

1-—
6(0) = T () + €00 25)

where, similar to s(x), e(x) describes a function we know
little about other than it is very broad (such as a very wide
Gaussian function), and that it therefore contributes only a
narrow peak at u = 0 in the FT of e'r (x).

2.5. Scatter

2.5.1. Spatial-domain analysis
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Figure.5. Illustration of steps required to measure scatter
fraction for narrow and wide scatter LSFs where scatter
equilibrium is achieved and not achieved, in left and right
columns, respectively. The edge profile de(x) is normalized by
the open profile dy(x) to create the edge function e(x) and
evaluated over an ROI having width » and differentiated to
give e,(x). Curves were calculated as described in the theory
section. LSFs, line-spread function; ROI, region of interest.

A connection with the Cooper method (11) is made by
identifying the key positions they use on the edge profile in the
spatial domain as identified in Figure 5. At position B, d.(x) is
given by

b/2

doy =k [ a:00p(r- Rtk = ke, [1+ T +Y] o

0

for a uniform beam. Similarly,

ap y] @7

dec—kq +2

On the normalized-edge profile, these correspond to:

ap
e _dﬂ Hiz (28)
B_dDA_ 1+ap
ap
dee _ 273
=, 1+af 9
[1+aﬁ y] [aﬁ +Y .
¢~ 1+af 1+aﬁ
1
ap = -1 (31)
€ég — €c

This result is similar to the Cooper SPR, although as a
consequence of normalizing the edge profile by the open
profile, Equation (31) is valid even when scatter equilibrium is
not achieved.

plx +bf2) plx —b/2)
0.2 0.2 4
T T T T X T T T T X
-b/2  -r/2 0 r2 b/2 -b/2  -rj2 0 2 b/2
xe(x) x[1—e(x)]
14 14

~ 7

7 ~—

T T T L T T T T X
-b/2 -2 0 r/2 b/2 -b/2 12 0 /2 b/2
= plx + bi2)e(x) =px—b/2)[1 —e(x)])
0.2 4 0.2
T T T T— X T T T — X
-b/2  -r2 0 r2  bj2 -b/2 -r2 0 2 bf2
Position Position

Figure.6. Illustration of terms in third and fourth lines of
Equation (A3) corresponding to the right-hand column of
Figure 5. Even when scatter equilibrium is not achieved (as
illustrated), the contribution (bottom) consists of a slowly-
varying base, contributing only low-frequency structure to

é,(x).

Quantum noise and rounded corners in edge profiles can
make it difficult to determine these points accurately from the
edge profiles in Figure 5c. In addition, our analysis shows it is
not the corner values we require, but values where the near-
vertical edge first meets scatter contributions. In the next
section we describe a Fourier approach to determine the scatter

(30)
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fraction aff, and scatter LSF when scatter equilibrium is
achieved.

2.5.2. Fourier-domain analysis

The FT of é,.(x) in Equation (25) is

. 1-
Fle:) = (0 = a0 +8w  (32)
= E,(w) + Aw). (33)

The first term, Ep (w), is proportional to T, (u), the optical
transfer function excluding any LFD caused by glare and equal
to unity at zero frequency. The second term, A(u), is a narrow
peak at u = 0 with a height and area we do not know accurately,
and importantly, do not need to know. These are illustrated in
Figure 8, where the zero-frequency value Ep (w)]y=o 1is equal
to the shoulder height of E, (1), indicated as L. By measuring
the LFD value L, the scatter ratio is determined as

(1 - V)Tp(u) _

SPR = af ~— @
14

1 (34

=—7-1 (35)

where y is determined separately from a measurement of the
detector MTF (without scatter). A key strength of our
normalized-edge approach is that the terms we do not know
accurately are all contained within A(x), which we know is a
sharp peak at u = 0 and therefore does not contribute to the
SPR in Equation (35). In the limit of no scatter, L - 1 — y
and SPR - 0.

| EXPERIMENT ||  OFFLINE |

Normalize dark subtracted
open & edge profiles (E/Q),
giving e (x)

U U

Differentiate (get LSF) then
calculate Fourier transform,
giving E,.'(u)

L g

Acquire dark image if
necessary

Acquire image with edge
at desired x-ray settings

Acquire image without
edge at identical settings

Measure the low frequency
drop point (L)

4

SPR=1/L-1
(if negligible glare)

Figure.7. Schematic of experiment and offline calculation to
determine the SPR using the LFD method, assuming negligible
detector glare. This process must be repeated without the
scattering medium if an estimate of detector glare is desired.
LFD, low-frequency drop; SPR, scatter-to-primary ratio.

2.6. Experimental implementation

A flow diagram describing an implementation of the LFD
method is illustrated in Figure 7. If detector glare is not
negligible, the glare fraction y in Equation (35) must be
determined from the detector MTF measured without a scatter
phantom.

2.7. Scatter LSF

When scatter equilibrium is achieved (f = 1) with a uniform
primary beam, Equation (A3) reduces to

1(x) + as(x) = 1(x)

600 > (36)
and therefore
1 Flé, ()}
S(u)za [1 + (X]W—l (37)

After measuring 7(u) separately with the scattering medium
removed, and calculating a from Equation (35), S(«) can be
determined.

2.8. Simulation validation

A simulation of the scatter model was used to confirm our
approximation that all terms in A(u) contribute only to a
narrow peak at u = 0 and that the scatter ratio can be
determined without knowing other details of the shape of A(u).
Figure 8 illustrates the edge profile and magnitude of the FT
of the differentiated profile for scatter LSF widths gs = 10,
100, and 1000 mm, a = 1, b= 100, and r = 50 mm, and with
=5 in Figure 9. Dashed lines indicate the theoretical shoulder
value for each test based on simulation parameters. Table |
lists shoulder heights determined from the curves, and
compares corresponding scatter ratios with values from the
simulation. Excellent agreement is obtained in all cases,
confirming that the scatter fraction can be determined from the
shoulder height through Equation (35) without detailed
knowledge of A(u) for these parameters.

e(x) |EX(u)]

1 —Z 1. 0. =1000 mm

ceeeadyeses O = 100

ags =10 mm
74 a. =100
. 0:=1000 u
-r/2 0 ri2 0
Position Spatial Frequency
Figure.8. Illustration of er(x) and the magnitude of the FT of
its derivative Er’'(u) from the left column of Figure 5 for SPR

a = 1, beam width b = 100 mm, ROI r = 50 mm, and scatter
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LSF widths os = 10, 100, and 1000 mm. Dashed lines indicate
theoretical scatter fractions aff which all agree accurately with
the shoulder values L of Er'(u), even when scatter equilibrium
is not achieved. FT, Fourier transform; LSF, line-spread
function; ROI, region of interest; SPR, scatter-to-primary
ratio.

e(x)

7A

=

s =10 mm
os =100

o, = 1000

|EX ()]
1 -

< 0. =1000 mm

T
-ri2 o

—x
2

Position

Spatial Frequency

Figure.9. Similar to curves in Figure 8 with @ = 5.

Table.1. Values of scatter ratios determined from the simulation agree with simulation parameters with a maximum error

of 2%.
Scatter width, Equilibri}lm scatter Beam width, b B Sc‘atter Ol')served shoulder scgtl:z;r::t(iio Error (%)
gs (mm) ratio, a (mm) ratio, aff height, L (est £0.03) ap ’
10 1 100 1.000 1.000 0.50 1.00 <1
100 1 100 0.383 0.383 0.72 0.381 <1
1000 1 100 0.035 0.040 0.96 0.040 <1
10 5 100 1.000 5.000 0.17 4.988 <1
100 5 100 0.383 1.916 0.34 1.907 <1
1000 5 100 0.040 0.200 0.84 0.198 1
10 1 100 1.000 1.000 0.50 1.000 <1
100 1 100 1.000 1.000 0.50 1.008 1
1000 1 100 1.000 1.000 0.49 1.024 2
50 1 100 1.000 1.000 0.51 0.976 2
50 1 200 0.955 0.955 0.52 0.938 2
50 1 400 0.683 0.683 0.60 0.684 <1

3. Experimental methods

Using the configuration shown in Figure 3 with a slanted
1/8-inch lead attenuator angled at 2.7 degrees, the following
set of (unprocessed) images was acquired for every
experimental condition:

1. scatter phantom + edge plate
. scatter phantom only
. edge only
. open (no scatter phantom, no edge plate)

. dark (required only if images are not dark corrected)

Edge and open profiles de(x) and do(x) were acquired and
used to determine the normalized edge profile using the
slanted-edge method (12). The normalized profile was
differentiated and the FT determined as described in Figure 7.
The zero-frequency value equals unity if (and only if) scatter
equilibrium is obtained and it is important that the FT not be
further normalized. If the detector is known to have little LFD
due to glare, images 3 and 4 are not required.

WD W IN

3.1. Mammography

Scatter ratios were determined using both methods on a
clinical mammography system (GE Pristina) using 2, 4, and 6

cm blocks of poly-methyl methacrylate (PMMA) placed on the
detector cover at 24, 28, and 32 kV using 32 m As and a 0.3
mm molybdenum filter. Air gaps are measured from the beam-
exit side of the phantom to the detector cover. The source-
detector distance was 66 cm and the anti-scatter grid was in
place.

water phantom with grid, Ocm Air ga
2500 T .p T 9 T T g?

2000+

1500

1000

avg pixel value in column

500

_ n 1

o -
0 100 200 300 400 500 600 700 800 900 1000
position

Figure.10. Profiles across a narrow beam using a uniform
scatter phantom. Estimating scatter within the beam from
scatter profiles outside the beam is error prone.
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3.2. Radiography

Radiography data was acquired on a cardiac angiography
system (Canon Alphenix). A 20-cm water-filled PMMA tank
was placed in front of the detector and imaged using air gaps
of 0, 10, 20, and 30 cm, both with and without an anti-scatter
grid present, and at 60, 80, and 100 kV using 50-200 mA and
50 msec exposures. A 0.2-mm copper filter was placed in front
of the beam. Results were obtained for a range of air gaps,
lead-plate edge angles, ROI sizes, and edge positions. Beam
collimation was used to ensure the beam was smaller than the
scatter phantom. An anthropomorphic chest phantom was used
to simulate nonuniform scatter conditions.

3.3. Thin-beam validation

The LFD method was validated by comparing with a thin-
beam estimate as illustrated in Figures 12 and 13. The scatter
component within the beam is estimated by interpolating the
profile tails outside the beam, leading to an estimate of the
primary component. Accuracy improves with a narrow beam,
but results are susceptible to user error.

Chest hantom W|th rld Ocm Alr a
4500 P 9 g P

4000 f\/

3500
c
g
2 3000+
8 q"\\ 36mm
£ BDrnm
e 2500 - 23mm
T ] open
2 2000+ |’ '-.‘ /
E | i |
(=%
o 1500+ |
g
E | |

1000+ ‘ |

)| [
500 2/ -

0 | I I L L L L L L
0 100 200 300 400 500 600 700 8OO 900 1000

position
Figure.11. Profiles across narrow beams using a chest
phantom.
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E 06t
2
& 60r
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ool ‘
0 -""“"'—Jl 1 0 1 1
-50 0 50 -50 0 50

Position (mm)
Figure.12. Left: Raw over-sampled profiles do(x) and de(x)
acquired from open (dashed) and edge (solid) images, with
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(red) and without (green) scatter equilibrium. Right:
Normalized edge profiles. Labels A and B correspond to
regions of primary plus scatter and primary plus half scatter,
respectively, as described by Cooper.

3.4. Edge response profile (ERP)
(Cooper) validation

The LFD method was further validated by comparison with
the Cooper ERP method for conditions where scatter
equilibrium was achieved. The Cooper SPR is given by:11

2(A — B)

SPRcooper = A-24-DB

(38)

where 4 and B correspond to points A and B on the edge
profiles in Figure 12. Equilibrium is achieved if profiles
become flat near beam edges. Three repeated SPR
measurements with a minimum wash-out period of 24 h were
performed by the same observer for both methods to determine
a precision estimate.

Phantom measurements for changing air gap
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.
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Figure.13. LFD method (solid) compared with the slit/narrow
beam geometry measurement (dashed) for both a chest
phantom with grid (triangle) and a water phantom with and
without grid (cross and circle, respectively). Error bars
represent standard deviation of three repeated measurements.
LFD, low-frequency drop.

4. Results

Figure 12 (left) shows the over-sampled open and edge
profiles for two sets of radiographic data at 60 kV, one that
achieves scatter equilibrium (red curve, 20-cm air gap, and
grid) and one that does not (green curve, 10cm air gap, and no
grid). The corresponding normalized ERPs used in the SPR
analysis are shown in Figure 12 (right) where the
nonequilibrium data does not reach unity. In the latter case, the
ERP method underestimates scatter since the vertical distance
between points A and B is decreased.
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Figure 13 shows agreement between the LFD and slit-beam
methods for both a uniform water phantom and nonuniform
chest phantom. Agreement is best for the more narrow beams
where the slit-beam method is more accurate.

Results in Figure 14 show the mean calculated SPR value,
with error-bars representing one standard deviation of three
repeated measurements for each scenario. Scatter equilibrium
was achieved for all mammography experiments and excellent
agreement is shown between the LFD and Cooper ERP
methods for all kilovoltage values and phantom thicknesses
tested. These results cannot be compared directly with those of
Cooper et al. due to experiment differences.

Figure 15 shows a comparison of LFD with ERP methods
using radiographic data with 0, 10, and 20cm air gaps, as well
as with and without an anti-scatter grid present (grid ratio 13).
Error bars represent one standard deviation in repeated
measurements and are smaller than plot symbols in some
cases. The antichatter grid reduced the SPR by 78%, 75%, and
68% for 0, 10, and 20-cm air gaps, respectively. Without the
anti-scatter grid, equilibrium was never achieved and the ERP
method underestimated scatter as expected. Error bars are
largest when using the ERP method without achieving
equilibrium as points A and B are more difficult to identify.
The detector had a measured glare fraction of less than 1% in
all cases. When scatter equilibrium is achieved with use of the
anti-scatter grid (dashed lines), the ERP method agreed with
the LFD results.

Sensitivity of the SPR results to edge angle was tested at five
angles and three air-gap distances using identical x-ray
parameters as illustrated in Figure 16. In all cases, the SPR
value remained constant within measurement precision,
indicating that edge angle does not affect results over the range
tested with the LFD method. Sensitivity to ROI size was tested
using both ERP and LFD methods as shown in Figure 17. The
LFD method showed no dependence on ROI size if greater
than 15 mm, both with and without scatter equilibrium,
consistent with the theoretical model.If less than 15 mm, the

Mammography data 24kV

Mammography data 28kV

LFD value is difficult to determine in the spatial-frequency
domain. The ERP method required a minimum ROI of
approximately 30 mm (and scatter equilibrium).

When scatter equilibrium is achieved, the scatter MTF, S(u),
can be determined using Equation (37). Figure 18 illustrates
measured E, (), T(«) and S(u) curves for 60 kV and 10 cm air
gap and grid as an example (a = 0.19 was determined from the
LFD value in E,(u)). It shows the scatter MTF is essentially a
narrow peak at u = 0 as expected, although the shape of the
peak is under-sampled and noise in |S(u)| is always positive.

5. Discussion

Normalizing the edge image by the open image allows the
scatter ratio to be determined even when equilibrium is not
achieved. Under nonequilibrium conditions, the measured
frequency-domain data may exhibit a zero-frequency value of
less than unity. This is expected and should never be re-
normalized (i.e., forced to 1). Forcing the MTF to 1 at zero
frequency artificially imposes that the area under the LSF
equals 1, which is valid only when scatter equilibrium has been
achieved. This assumption becomes incorrect if the scatter
LSF tails extend beyond the measurement window.

The use of the over-sampled slanted-edge approach removes
the need for precise alignment with detector pixel columns,
improving robustness in practical measurements. Excellent
agreement was observed between the LFD and edge response
methods under conditions of scatter equilibrium. However,
when scatter increases such as at higher kilovoltage values the
equilibrium condition may no longer hold. This deviation is
not always evident from the edge profiles alone, potentially
leading to inaccurate SPR measurements if relying solely on
the edge-profile method. Furthermore, the robustness of this
method its insensitivity to ROI size and edge angle makes it
practical for integration into routine quality assurance (QA)
protocols in clinical settings.

Mammography data 32kV
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Figure.14. Good agreement is observed between LFD and Cooper ERP method for mammography with 2, 4, and 6 cm phantom
thicknesses at 24, 26, and 32 kV. Both ERP (solid circle, dashed orange line) and LFD (hollow circle, solid blue line) calculation
methods agree for all scenarios. ERP, edge response profile; LFD, low-frequency drop.
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Figure.14. SPR data using ERP method (solid orange circle) and LFD method (hollow blue circle) for changing air gap with (dashed)
and without (solid) anti-scatter grid using 60, 80, and 100 kV x-rays. ERP, edge response profile; LFD, low-frequency drop; SPR,

scatter-to-primary ratio.

The thin-beam method offers an alternative direct
measurement of scatter but is error prone due to difficulty
interpolating the shape of the scatter profile in the primary
beam in Figures 12 and 13, particularly with the larger beams
and with the nonuniform phantom. This difficulty highlights
the benefit of the LFD method for direct scatter measurements.
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Figure.16. SPR values obtained with the LFD method as a
function of edge angle using 0, 10, and 20 cm air gaps (60 kV
with anti-scatter grid). LFD, low-frequency drop; SPR, scatter-
to-primary ratio.
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Figure.17. SPR values obtained as a function of ROI size.
Solid lines correspond to scatter equilibrium conditions and
dashed lines to nonequilibrium conditions. ROI, region of
interest; SPR, scatter-to-primary ratio.

While the theoretical derivation of this method is rather
obtuse, implementation is very straightforward since the SPR
is determined from the shoulder height L of the FT of the
differentiated edge profile as described by Equation (35).
When there is no scatter medium present, the LFD method
gives y, the detector glare fraction. This measurement of y may
be important when measuring low scatter fractions and it is
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important to separate scatter from detector glare. In many
cases, particularly with modern detectors, the glare fraction
can be 1% or less which may have little impact on a measure
of the scatter ratio and therefore an air scan may not be
required.

MTF curves for S(u)

E’r(u)

MTF

cycleé/mm
Figure.18. MTF curves for detector plus scatter Er'(u) in blue,
detector T(u) in orange, and the calculated scatter MTF S(u) in
black using 60 kV, 10 cm air gap, and calculated a = 0.19.
MTF, modulation transfer function.

Limitations of this method include: (i) it requires access to
raw, linear, and unprocessed image data, which is not always
available to an end user; (ii) the scattering phantom must be
larger than the x-ray beam; and (iii) the measured SPR is an
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