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Abstract. The purpose of this study is to evaluate the effect of sim-
ulated dose reduction using CDMAM and mastectomy images acquired
on two digital mammography systems. High dose images have been arti-
ficially degraded to reduced dose levels by systematically adding filtered
noise. Automated scoring has been carried out on the degraded CDMAM
images and on experimental CDMAM images, taken at the same corre-
sponding reduced doses. Contrast-detail curves were derived for both, at
all doses, and compared. Relative difference in the contrast-detail curves
was approximately 5% overall for all four doses.

For the mastectomy images noise power spectra were obtained and
the ratio of experimental to synthetic low dose NPS profiles averaged for
all doses at 1.04. The largest differences in the NPS profiles were found
at the high spatial frequencies, corresponding with the differences in the
small discs in the contrast-detail curves.

Keywords: Digital mammography, simulation, CDMAM phantom,
validation, mastectomy, dose reduction.

1 Introduction

There is a growing interest in image simulation in digital radiography, and in
mammography in particular[1,2,3,4,5,6]. Image simulation provides a means to
optimise digital mammography systems for improved breast cancer detection.
Image simulation studies could make clinical trials more targeted as simulation
studies can be used to study some effects in advance.

Recently, there has been focus on the effect of reducing dose levels in digital
mammography images upon detection of mammographic lesions[1,2]. Results
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indicate that dose could be reduced with little detriment to the detection of
masses. However, the task of microcalcification detection appeared to have sig-
nificantly greater dependence on the increased relative noise in the images. This
is because breast structure noise dominates when trying to detect relatively large
objects such as masses but detector noise is important for the detection of small
details such as microcalcifications. In contrast-detail tasks such as scoring of
images of the CDMAM phantom, there is a direct link between increasing dose
and the detection of small details[7]. This study aimed to validate a method to
simulate reduced radiation dose in digital mammograms. The same methodol-
ogy is applied to mastectomy images for further analysis with use of spectral
analysis[8,9].

2 Methodology

2.1 Materials

Sixteen images of the CDMAM (version 3.4) were acquired at each of five doses
using the Hologic Selenia system with the CDMAM phantom placed between
two slabs of PMMA 2cm thick. The images acquired at the highest dose (31kVp
Mo/Rh, 5.91mGy mean glandular dose) were used as the reference images for
the subsequent synthesised low dose images (0.34, 0.80, 1.48, 2.95mGy MGD).
Flat field images for 5cm of PMMA were acquired at the same beam quality,
exposure settings and setup as the CDMAM images. Detector response and NPS
measurements were carried out on these flat field images and used for the dose
reduction methodology.

Four sets of mastectomy images were acquired on the Siemens Novation sys-
tem. Each mastectomy sample was placed on the breast support and compressed.
The mastectomy sample was exposed with the tube voltage held constant whilst
the tube current time product was varied. Care was taken not to move the mas-
tectomy sample after each exposure. The highest dose mastectomy image was
used as the reference image for synthesizing subsequent lowered dose images. Ta-
ble 1 shows the doses used for each mastectomy set as well as their compressed
thicknesses. Flat field images using three and five centimetres of PMMA was
used in the same setup as the mastectomy samples for detector response and
NPS measurements to be used with the dose reduction methodology. Note that
all images used in this study are raw and unprocessed.

2.2 Dose Reduction

B̊ath et al’s methodology[10], which had been previously applied to chest X-ray
images, has now been implemented for the first time to degrade the following ex-
perimentally acquired mammography images: CDMAM and mastectomy images.
Furthermore, the NPS was modelled to three noise sources: electronic, quantum
and structural. Firstly, the linearised pixel intensity values of the original image,
Io(x, y), were scaled by a ratio of the dose to be simulated, Dsim, to the original
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Table 1. Beam quality (W = Tungsten, Rh = Rhodium, Mo = Molybdenum), Tube
current time product and mean glandular dose settings for each mastectomy sample
set. Doses in brackets denote the highest dose image from which the other low dose
images were derived.

Set Beam Quality Tube Current time
product (mAs)

Mean Glandular
Dose (mGy)

Compressed
Breast
Thickness (mm)

1 29 W/Rh 28, 57, 110 (220) 0.3, 0.7, 1.4 (2.7) 50
2 29 W/Rh 10, 20, 50, (68) 0.1, 0.2, 0.4 (0.8) 50
3 25 Mo/Rh 10 (61) 0.2 (1.3) 30
4 25 Mo/Rh 20, 34, 45 (199) 0.4, 0.7, 1.0 (4.3) 30

dose of the image, Do, to give the original scaled image, Io,sc. NPS was measured
for each dose level and fitted to each point in the NPS array against detector air
kerma, K:

NPStot(u, v) = NPSe(u, v) + NPSq(u, v).K + NPSs(u, v).K2 (1)

where NPStot, NPSe, NPSq and NPSs are the total, electronic, quantum and
structure noise sources, respectively.

Structural noise scales with the dose correction, therefore only electronic and
quantum noise images were created. Noise images were created to account for
the difference in noise level and frequency content between the Io,sc and that
expected for a lower dose image, Dsim. This was undertaken through the use
of a frequency-based noise transfer function, NTF , equal to the square root of
the difference of the NPS between the two images, Isim and Io,sc, for each noise
source and applied to Gaussian noise images.

IN (x, y) = FT−1(NTF (u, v).(FT (IG(x, y)))) (2)

where

NTF (u, v) =

√
NPSsim(u, v) − NPSo,sc(u, v)
NPSsim(0, 0) − NPSo,sc(0, 0)

(3)

For the quantum noise, the difference in NPSq for the Io, sc and Isim was applied
to equation 2. Both noise sources were scaled on a pixel-by-pixel basis as shown:

Isim(x, y) = Io,sc(x, y) +
[
ke.IN,e(x, y).

(
1 − (Dsim/Dorig)

2
)]

+ [kQ.(Io,sc(x, y))n.IN,Q(x, y)] (4)

where ke, kQ and n are coefficients to be fitted. n was found to be 0.5± 0.03 for
both systems and settings implemented in this study.

This method was then applied to derive synthetically dose-reduced CD-
MAM and mastectomy images. For degrading CDMAM images the highest
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dose (5.91mGy MGD) CDMAM image was used as the reference image from
which low dose images (0.34, 0.80, 1.48, 2.95mGy MGD) were subsequently
obtained. All experimentally acquired CDMAM images were scored with an au-
tomated scoring tool (CDCOM[11]) and contrast-detail curves derived for each
dose as outlined in [12]. The same procedure was repeated for the synthesized
dose reduced CDMAM images and compared with the experimentally acquired
counterparts.

The dose reduced mastectomy images were compared, quantitatively and vi-
sually, with their experimentally acquired counterparts. In addition, noise power
spectra[8,9] were measured in the same region of interest for each dose for the
simulated and experimental mastectomy images and the profiles compared. To
ensure the same region was analysed in each image and that results were not
affected by any slight movement of the mastectomy sample, the mastectomy
images were checked for alignment. In addition, NPS analysis was undertaken
within the central portion of the mastectomy samples to ensure uniform thick-
ness was maintained in the region of interest.

3 Results

Figure 1 show the normalised NPS profiles of high dose flat-field images and the
dose reduced flat-field images for the Hologic and Siemens Novation systems.
For the Hologic system, there was a relative difference between the experimental
and synthetic low dose shown of approximately 4.7% averaged across the radial
averaged NNPS. For the Siemens Novation system, there was a relative difference
between the experimental and sythetic low dose shown of 2.7%.

(a) (b)

Fig. 1. (a)Normalised NPS profiles for Hologic system. NNPS curves are given for
(from top down) 0.34, 0.80, 1.48, 2.95 and 5.91mGy MGD. (b) NNPS profiles for the
Siemens Novation. NNPS curves are given for (from top down) 0.2, 0.4, 0.7, 1.0, 1.3
and 4.3mGy MGD. Experimental data is shown in solid blue whilst the synthetic data
is shown in the dashed red curve.
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(a) (b)

Fig. 2. (a)Contrast detail curves obtained from experimentally acquired CDMAM im-
ages at different doses (solid curves) and the simulated reduced dose CDMAM images
(dashed curves). Four doses (0.34, 0.80, 1.48, 2.95mGy MGD, from top down) were sim-
ulated from the highest dose of 5.91mGy. Error bars denote two standard error means.

3.1 CDMAM Images

Figure 2 shows the contrast detail curves obtained for the experimental and dose-
reduced CDMAM images. The dashed curves denote the fitted predicted human
threshold contrasts[12] for the synthetic data. The noise added synthetically
have led to the contrast details curves to maintain the gradient of the original
high dose result, whilst shifting up with increasing relative noise in the image as
expected. All the synthetic data curves are similar to that of the experimentally
acquired and error bars indicate they are within range of each other. A ratio
of the experimental to synthetic results were found to be, across all discs, on
average 0.97 for all doses as shown in Figure 2b. This shows that noise may
have been overestimated in the synthetic images compared to the experimental
CDMAM images.

3.2 Mastectomy Images

Figure 3 shows a region of one set of mastectomy images at 4.3 and 1.0mGy MGD
for the experimental (Figure 3b) and synthetic (Figure 3c images, respectively.
The appearance of the lesion (a mass with microcalcifications) in the region
shown degrades dramatically as the dose was reduced down to one quarter of
the high dose image. A profile of the experimental and synthetic images is also
shown in Figure 3d, a difference of 1% was found between the profiles. Figure
4 shows the radially averaged noise power spectra for four mastectomy images
sets, the settings of which are shown in Table 1. As the dose increased, the
system noise increased as expected. NPS of the mastectomy images lead to a
relative difference of 7% on average across all doses. The difference increased as
the difference between the original dose and the dose to be simulated became
greater. The largest difference between experimental and synthetic NPS was
found at the higher spatial frequencies.
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(a) (b) (c)

(d)

Fig. 3. (a) and (b) show the same cropped region of a mass with microcalcifications
in a mastectomy sample acquired at 4.3 and 1.0mGy (MGD), respectively. (c) shows
the mastectomy sample synthetically dose reduced from 4.3 to 1.0mGy. (d) shows the
profiles taken across (b) and (c) to compare the experimentally acquired low dose image
with the simulated low dose image.

4 Discussion

The contrast detail curves of the simulated dose reduced CDMAM images match
well to that of the experimentally acquired images. The detection of smaller discs
were inferior for the CDMAM images simulated at a very low dose compared with
the CDMAM images experimentally acquired at the low dose. This suggests there
may have been some overestimation of the noise to be added as the difference
between the original and simulated doses increased.

For the mastectomy work, the simulation has visibly degraded the appearance
of the lesions in the mastectomy images, similar to that acquired at lower doses.
The noise power spectra measurement of the mastectomy samples at different
doses have shown how the system noise increases whilst the shape of the under-
lying anatomical noise power remained. Larger discrepancies were found in the
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(a) (b)

(c) (d)

Fig. 4. (a – d) Radially averaged noise power spectra of a region in sets 1 – 4, respec-
tively, of mastectomy images acquired at different doses and their synthetic counter-
parts. The dark curve represents the highest dose image from which the other low dose
images were degraded from. Red dashed curves illustrates the NPS of synthetically
degraded images whilst the blue solid curves show the NPS of their experimentally
acquired counterparts.

higher spatial frequencies which corresponds to the poorer detection rates for
the small discs in.

Despite reducing the dose to one quarter of the highest dose, the microcal-
cifications were still visible. However, the very fine calcifications became harder
to discern as the relative noise increased in the low dose images. The work pre-
sented here shows raw images, thus affects from image processing packages have
not been taken into account. Comparison of unprocessed and processed exper-
imentally acquired mastectomy images showed a great difference in the image
quality of microcalcifications for the high dose and low dose images. Further
application of an image processing package on the synthetic images for further
observer studies may be carried out in the future.

In conclusion, this work has validated a method to simulate reduced dose in
mammography images, developing on B̊ath et al’s work to incorporate other
noise components. Such a method could be applied to study the effect of dose
reduction on mass and/or microcalcification detection in clinical mammograms
where optimal X-ray exposure factors may be deduced. This work could be
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developed further to assess the effects of applying alternative beam qualities or
even acquiring images of the same mastectomy sample with different detectors.
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