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Abstract

1. Introduction

Anti-scatter grids used in full-field digital mammography
not only attenuate scattered radiation but also attenuate
primary radiation. Dose saving could be achieved if the
effect of scattered radiation is compensated with a software-based scatter correction not attenuating the primary
radiation. In this work, we have carried out phantom studies
in order to investigate dose saving and image quality of
grid-less acquisition in combination with software-based
scatter correction. The results show that similar image quality (contrast-to-noise ratio and contrast-detail visibility)
can be obtained with this alternative acquisition and postprocessing scheme at reduced dose. The relative dose reduction is breast-thickness-dependent and is > 20% for typical
breast thicknesses. We have carried out a clinical study
with 75 patients that showed non-inferior image quality
at reduced dose with our novel approach compared to the
standard method.

X-ray mammography requires a high image quality for the
detection of subtle features indicating malignant tissue.
Scattering is a physical process that degrades image quality.1
Scattered radiation generates a smoothly varying, noisy
background that is added to the image. The varying background signal decreases relative image contrast. Furthermore, the additive noise reduces the contrast-to-noise
ratio (CNR).

Keywords: digital mammography, scattered radiation,
scatter correction, anti-scatter grid, dose reduction, feature
analysis study.

In mammography reduction of scattered radiation is
traditionally achieved by using hardware approaches. Antiscatter grids are most frequently used. Other approaches
include using slot or multislit scanning2, 3 or applying an
air gap.4 Besides reducing the amount of scattered radiation, anti-scatter grids also attenuate primary radiation.
The primary radiation is the radiation that passes through
the breast without being absorbed or scattered by the
breast tissue. The attenuating effect of an anti-scatter grid
is usually expressed in terms of the Bucky factor Bf = 1/Tt
with Tt being the total transmission of the grid. Bf ≈ 2 is a
typical value.5 To compensate for the (unintended) attenuation of primary radiation of the grid a higher entrance
dose is necessary.
Since asymptomatic women undergo mammography
screening, dose is of highest importance in breast imaging.
In order to reduce entrance dose – and therefore also the
organ dose – several studies have been carried out that
investigate grid-less acquisition for digital mammography.6-12
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Figure 1. Simplified illustration of the software-based scatter correction.

2. Software-based scatter correction
In a subset of these studies software-based scatter correction (SBSC) has been included as an image post-processing
step.9-12 With SBSC it is possible to mitigate the effect of
scattered radiation by software-based methods instead of
hardware methods. SBSC can particularly reduce the varying background signal caused by the scattered radiation.
The additive noise due to scatter is of stochastic nature and
it can be compensated by the relative increase in primary
radiation.
These studies suggest a potential for dose reduction with
uncompromised image quality for grid-less mammography.
E. g., Gennaro et al.8 did not use SBSC and state that dose
saving by 15–25% was possible for PMMA equivalent breasts
thinner than 40 mm. Tromans et al.12 used SBSC and state
that dose can be reduced by 37–49% for their phantoms
tested (e. g. CIRS BR3D phantom). Although these studies
show very promising results no clinical study in this field
has been carried out yet. In our work, we present our novel
approach for grid-less acquisition and SBSC. We evaluated
our approach using phantom-based measurements and a
clinical study with 75 patients.

The measured radiation without grid consists of primary
and scattered radiation. The scattered radiation can be
modeled by a low-frequency and a high-frequency component. The low-frequency component generates a smoothly
varying additive offset to the intensity values in the image.
The high-frequency component is basically additive noise.
The purpose of the SBSC is to estimate the low-frequency
component and subtract it from the measured image. Note
that the decrease of the CNR due to the high-frequency
component of the scattered radiation can be compensated
by the increased transmission of primary radiation for the
case of the grid-less acquisition.
We apply a scatter correction algorithm* for full field
digital mammography (FFDM) that estimates the scatter
field depending on the object using 2D scatter kernels and
convolution.13, 14 Scatter kernels representing local scatter
fractions were generated by Monte Carlo simulations based
on object properties and the geometry and acquisitions
parameters (e. g., anode/filter combination, tube voltage)
of a commercially available FFDM system (MAMMOMAT
Inspiration; Siemens AG, Healthcare Sector, Erlangen,
Germany). Figure 1 shows a simplified illustration of this
algorithm.
The total computation time for the scatter correction is
short (of the order of seconds) and the usual workflow
during screening mammography is not affected due to
waiting times.

*T
 he technology is not available in all countries. Due to regulatory
reasons its future availability cannot be guaranteed.
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Figure 2. Experimental set-up and results of the CNR measurement.

3. Phantom Study
We have carried out phantom experiments in order to
address the following two questions:
1. What relative dose reduction can be achieved with
grid-less acquisition and SBSC compared to a standard
acquisition (with grid) while providing the same CNR in
the image?
2. When using grid-less acquisition and SBSC at this reduced
dose level, how does the contrast-detail visibility15 of these
images compare to those images acquired in standard mode
(with grid)?

3.1 Material and methods:
contrast-to-noise ratio measurements
Investigating CNR is relevant for grid-less acquisition due to
the high-frequency noise component of scatter. We measured CNR for different polymethyl methacrylate (PMMA)
plate thicknesses according to the EUREF guidelines.15
PMMA plates of thickness between 20 and 70 mm in steps
of 10 mm were placed on the detector of a MAMMOMAT
Inspiration as illustrated in Figure 2a. An aluminium (AL)
foil of 0.2 mm thickness was placed on top of the PMMA
plates.
First an image with grid was acquired in standard automatic exposure control mode. Then the grid was removed
and a set of images was acquired using the same beam
quality (filter/anode combination, tube voltage) but with
varying exposures from 100% to about 50% of the exposure of the first image. Note that the exposure could be
varied in certain discrete steps only. In each image (both
acquisition modes, all PMMA thicknesses) two regions
of interest (ROIs), one being inside and one being outside
of the position of the AL-foil (Figure 2a), were used to
compute the CNR corresponding to that image.15
For each PMMA thickness we determined the exposure
which yields the same CNR with a grid-less acquisition compared to the acquisition with grid. A fit of the squared CNR
values versus exposure was used for determining precise
exposure values. Thus, for each PMMA thickness two exposure values exist which provide the same CNR for acquisitions with and without grid, respectively. From the two
exposure values a PMMA-thickness-dependent dose reduction factor for grid-less acquisition was computed. This procedure was performed separately without and with SBSC.
The results for a specific PMMA thickness were converted
to an equivalent compressed breast thickness using the
conversion table presented in Dance et al.16
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We used the feature plate of the CDMAM 3.4 phantom
(Artinis Medical Systems B.V., AS Zetten, the Netherlands)
in order to measure the contrast-detail curves15 of images
acquired with and without grid. For the latter case the
images were acquired using the same beam quality but at
a reduced dose according to the results from the previous
CNR measurements. PMMA blocks were used to generate
different phantom thicknesses (20–70 mm in steps of
10 mm) that simulate different equivalent compressed
breast thicknesses. See again Dance et al.16 for the conversion factors. The feature plate itself is equivalent to 10 mm
PMMA. The evaluation of the CDMAM phantom images was
performed with the automatic scoring software CDCOM.17
Eight images were acquired for every phantom thickness,
processed by CDCOM and contrast-detail curves were
determined.
3.3 Results
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3.2 Material and methods:
contrast-detail measurements

1.00

Figure 2b shows the dose reduction factors (DRF) as a
function of equivalent compressed breast thickness (CBT)
with an additional linear fit (|r| > 0.99, p < 0.001). The
DRF fit has a slope of –0.34%/mm. The results for the DRF
without SBSC are similar (the slope of the fit is –0.37%/mm).
Representative contrast-detail curves for three different
phantom thicknesses are shown in Figure 3.
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Figure 3. Log-log plots of contrast-detail curves of the
acquisitions with grid and without grid and SBSC at
reduced dose level for different equivalent compressed
breast thicknesses (CBT).

The measured DRF are monotonously decreasing and can
be very well modeled by a linear function. The dependence of the DRF on the breast thickness will be explained
next. With increasing breast thickness the scatter fraction18
and the amount of additive noise due to scatter increases.
A certain amount of the additional primary radiation –
due to removal of the grid – is needed to compensate for
this noise. Thus less additional primary radiation is available to compensate for the lower dose. In order to provide
the same CNR the dose cannot be reduced by the same
factor for thicker breasts compared to thinner breasts. The
contrast-detail curves of the acquisitions with and without
grid are generally very similar indicating that similar image
quality can be obtained using the two different acquisition
approaches. The higher relative dose reduction for 30 mm
PMMA thickness (35%) compared to 20 mm PMMA thickness (31%) is due to the limited, discrete choice of values
when selecting the exposure parameters for the manual
acquisition without grid.
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Figure 4. Average glandular dose in the clinical study
(error bars represent 1 standard deviation).

4. Clinical Study
We have carried out a clinical feature-analysis study in
order to investigate the grid-less acquisition and SBSC with
reduced dose under realistic clinical conditions.
4.1 Material and methods
75 female patients were enrolled in this clinical study who
had been recalled for further diagnostic mammograms
after screening. The clinical study has been approved by
the ethics committee. Informed written consent to participate in this study was obtained from all patients.
For each patient, two exposures were made during the
same compression phase. The breast side and the laterality
(CC or MLO) were randomly chosen. The first exposure was
made in standard automatic mode with grid. The second
exposure was made without grid and with reduced dose.
The dose was reduced by lowering the tube current-time
product according to the factors determined in the phantom
experiment (Figure 2b) and keeping the other acquisition
parameters constant. The images acquired without grid
were processed with the SBSC described in Section 2 before
processing them using standard mammographic image
processing algorithms.19
The image pairs were evaluated by five radiologists each
having more than five years of experience in interpreting
mammograms. In a blinded side-by-side reading of the
image pairs, the radiologists had to compare the images
on a 7-point scale (−3,−2, . . . , +3) according to the following seven categories:
1. overall image quality
2. diagnostic certainty: mass
3. diagnostic certainty: microcalcification
4. diagnostic certainty: architectural distortion
5. visibility of tissue near the edge of the breast
6. visibility of structures in the pectoral muscle
7. visibility of noise

Table 1. Results for the reading study comparing image
pairs on the 7-point scale (SD: standard deviation).
Positive mean values indicate better impression with the
grid-less technique with SBSC.

After the blinded reading the ratings were transformed
onto a 7-point scale where positive values indicate preference of the grid-less technique with SBSC. Based on
biostatistical considerations and previous (unpublished)
studies, non-inferiority of the grid-less technique is assumed
for a rating > –0.3 points on the 7-point scale.
4.2 Results
The study population is characterized as follows. The mean
age of the women was 56.5 ± 5.5 years (50 to 72 years).
The mean compressed breast thickness was 57.5 ± 14.7 mm
(28 to 87 mm). The distribution of mammographic findings
in the study population was: masses (57%), microcalcifications (41%), architectural distortions (20%). Note that
multiple findings per patient were possible. The breast
density in the study population was rated as: ACR 1 (4%),
ACR 2 (53%), ACR 3 (33%), ACR 4 (10%).
Figure 4 shows the distribution of the average glandular
dose (AGD) in the study population. The absolute AGD
reduction averaged over all patients was 0.26 ± 0.06 mGy.
The relative AGD reduction ranges from 12% (breast thickness 85–94 mm) to 32% (breast thickness 25–34 mm).
The results from the reading study are shown in Table 1.
In this table, positive mean values indicate a preference
for the grid-less acquisition with SBSC. All mean values are
close to zero. The p-values corresponding to a one-sided
t-test (a = 0.025) with threshold set to –0.3 are shown as
well. Using this t-test, statistical significant non-inferiority
of the grid-less technique in combination with SBSC has
been shown (p < 0.001).
One pair of images from the clinical study is presented
in Figure 5 (39 mm breast thickness, 27% relative dose
reduction).
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Figure 5. Example images from the clinical study with a magnification of a region of interest containing
microcalcifications (marked with arrows). The image without grid and SBSC was acquired with 27% less dose
(0.76 mGy instead of 1.04 mGy) compared to the image acquired in standard mode with grid.

4.3 Discussion
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It is important to assess the image quality at the reduced
dose with grid-less mammography and SBSC. The ratings
by the radiologists have mean values close to zero. This is
actually an indicator for the same image quality. The main
results of the clinical study is that statistically significant
non-inferiority of the grid-less technique with SBSC can be
shown.
5. Summary
Patient dose in X-ray mammography is a highly relevant
topic. In our work, we presented an investigation regarding
the dose saving potential of grid-less FFDM in combination
with SBSC. Dose can be reduced with grid-less mammography due to a relatively higher amount of primary radiation reaching the detector. We have carried out phantom
studies to investigate the dose saving potential and image
quality. In order to test our technique under realistic
conditions we conducted a clinical study which showed
non-inferiority of this approach compared to the standard
approach. The relative dose reduction is breast thickness
dependent and varies between 12% for the thicker breasts
(85–94 mm) and 32% for the thinner breasts (25–34 mm)
in the study.
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