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ABSTRACT
X-ray mammography is one of the most demanding radiological techniques, simultaneously requiring excellent image
quality and low dose to the breast. In current mammographic practice, both image quality and dose are found to vary over a
wide range of values. Previous attempts to define the optimum operating parameters for mammography systems have been
limited due to the lack of realistic attenuation coefficients and absorbed dose data. These data are now available, and have been
incorporated into an energy transport model which describes the image acquisition process. The model includes measured x-ray
spectra and considers beam filtration, breast thickness and composition, lesion size and composition, scatter, grid transmission
and the production and propagation of light in a phosphor-based image receptor. The applied kilovoltage for molybdenum and
tungsten target x-ray sources with various spectral filters and average breast composition (50% adipose, 50% fibroglandular) has
been optimized with respect to signal-to-noise ratio and absorbed dose and was found to vary between 19 and 29 kYp as breast
thickness increased from 4 to 8cm. Preliminary results for various breast compositions and lesions, and experimental verification
of the model will be presented. The model may be extended to include either mammographic film or new detector designs for
digital mammography.

1. INTRODUCTION
Mammography is the most sensitive and specific imaging modality available for the detection of breast cancer. High
performance can only be achieved, however, if the complete imaging system is optimized. In practice, operating factors for
mammography are set empirically and vary widely among different facilities. For example, in a survey of 2868 mammographic
units in facilities applying to the American College of Radiology (ACR) Mammography Accreditation Program,' it was found
that the reported kilovoltage used for a typical examination varied from 22 to 44 with a mean of 27. 1. The scores on the ACR
accreditation phantom, used as an indicator of mammographic image quality, varied (for facilities using a single type of filmscreen combination) from 2.0 to 5.4 with a mean of 4.3 for the task of detecting nylon fibers and from 2.0 to 4.8 with amean
of 3.3 for detection of calcific specks in the phantom. In a smaller survey carried out in Ontario, Canada, the same widerange
of kYp and image scores was observed as well as a range of entrance skin exposures to the breast of 150 mR to over 1000mR
per image. Although other factors such as film processing presumably account for part of this variation in image quality, it is
likely that the wide range of x-ray spectra used is in part responsible,
It is our goal to develop a method for optimizing mammographic imaging techniques, both for conventional film-screen
imaging and for digital mammography. Our approach is through an energy transport model of the propagation of signal and
noise through the imaging system. The computations make use of experimentally-determined data wherever possible so that the
number of assumptions in the model can be minimized. In this paper, we describe the model and present some experimental
work to test its validity. We apply the model to the optimization of a prototype digital mammography system.

2. METHODS AND MATERIALS

2.1 Optimization criterion
One of the key problems in optimizing an imaging system is to determine the variable to be optimized. In film-screen
imaging one unquestionable goal is to obtain enough transmitted radiation at the image receptor to provide an adequately exposed
image, i.e. the desired optical density on the film. Once this requirement has been met, the optimization is generally considered
to be a matter of obtaining the greatest contrast over all relevant areas of the breast with the lowest compatible dose to the breast.
Since the characteristic display curve for film is nonlinear, contrast is dependent not only on the x-ray spectrum, but also on the

level of light exposure to the film at each point in the image. This problem will be dealt with in a future publication.
In digital mammography, the signal from the receptor can be amplified to provide any desired amount ofenergy to the
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next stage of the imaging system and, therefore, the operating exposure is not determined by energy requirements. As well, the
characteristic curve of the detector is either linear or can be easily linearized and image contrast can be enhanced as desired at
the display stage of the system. The ability to detect an object will be related primarily to the spatial resolution of the imaging
system, which is not usually highly energy dependent, and to the signal-to-noise ratio (SNR), which is determined by the energydependent contrast and noise properties of the imaging system. We have, therefore, chosen to use the SNR as an index of image
quality in digital mammography and as the endpoint in our optimization.
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Figure 1. Block diagram of model for mammographic optimization.

2.2 Description of the model
Our model is illustrated in block form in Figure 1. The "raw" (pre-filtration) x-ray spectra were obtained from two
sources and combine both measured and calculated data. The molybdenum spectra (e.g. Fig. 2a) are based on the bremsstrahlung
model developed by Tucker et.al.3 with added characteristic radiation according to measured spectra provided by Jennings4.

The tungsten spectra (Fig. 2b) have been interpolated from spectra also measured by Jennings. All spectra have inherent
filtration of approximately 1 mm of beryllium. Tube output values for tungsten were measured for a Machlett Model 68KB
mammography tube.
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Figure 2a Typical molybdenum target x-ray spectra incident
on breast and image receptor.
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Figure 2b Typical tungsten target x-ray spectra.
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The required elemental attenuation coefficients for all materials except the breast tissue were taken from Plechaty et.a15.
Attenuation coefficients for the x-ray spectral filters and the compression plate, etc. were calculated from their chemical formulae

according to the fraction by weight of each element. Beam filtration was varied by the addition of metallic k-edge filters
according to target type and detection task.
The breast model shown in Figure 3 is based on the assumptions used by Wu and Barnes6 for the calculation of
absorbed dose. Their model includes a 0.4 cm thick skin layer (modeled by adipose tissue) surrounding different uniform
compositions of breast tissue ranging from 95% adipose-5% fibroglandular to 100% fibroglandular. All of the simulations
presented here were performed for a 50-50 composition. Attenuation coefficients for adipose, fibroglandular and infiltrating
ductal carcinoma tissues were interpolated using measured data from Johns and Yaffe7 and the calcification is assumed to have
the attenuation properties of hydroxyapatite with a density of 3.2 g/cm3 . The breast has a semi-circular cross section with a
radius of approximately 12.7 cm, providing a large-sized scatter field of 254 cm2. Mean glandular dose values were calculated
by appropriately weighting monoenergetic normalized dose per incident photon data from the Monte Carlo simulations of Wu
et.al. (1991)9*

_

It

_

XIII

—

::::::
I

thicIes

S

Figure 3 Breast model.

I

B

Scatter Breast

0.3 cm PMMA
compression plate
0.4 cm
50-50

lay

adipose and

glandular (uniformly
distributed)
optional grid

image receptor

L

Lesion

Energy-dependent scatter-to-primary ratios for an area detector were taken from the Monte Carlo simulations performed
by Dance and Day'° for a phantom consisting of equal parts by weight of fat and water at four breast thicknesses, assuming
a medium-sized breast field of 93 cm2. Although the field sizes for dose and scatter calculations do not correspond, Dance and
Day point out that for a 6 cm breast, the scatter-to-primary ratio increases by only 7% when the breast area increases from
"small" to "large" at an energy of 25 keY, indicating that dependence on the area of the compressed breast is smalL Scatter-to-

primary ratios for the scanning slot system were measured in our laboratory, as were the transmission values of the
mammographic grid for the breast thicknesses of interest. Both values were assumed to have little variation with energy and
thus would not change the distribution of the primary and scatter spectra in the simulation.

The image receptor is modelled in terms of its energy-dependent efficiency of x-ray detection", the number of
secondary quanta produced as a function of energy'2, the statistical fluctuation in this number'2, the signal coupling efficiency
between stages and any additive noise sources associated with the detector. Scatter and primary x-ray photons have different
interaction efficiencies" due to the increased pathlength of the radiation in the detector and the slight decrease in x-ray photon
energy due to scattering, thereby increasing the relative contribution of scattered radiation to the total detected signal and the
noise.

*

Wu et.al. found that their breast tissue attenuation coefficients correspond closely to those measured by Johns
and Yaffe.
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23 Signal-to-noise ratio

a)

The model predicts the detection of a cubic lesion
surrounded by an annular shell (background) of breast tissue.

The lesion was considered to be either a carcinoma or a
calcific particle. The signal-to-noise ratio is calculated over
equal areas of lesion and background.

2 - 50mm f/i .2 lenses
at infinite conjugates

The propagation of noise through the system is
modelled following the theory presented in Yaffe and
Nishikawa'3. The x-ray source is Poisson distributed, and
detector interactions are modeled as Bemouili processes, with
the statistics of secondary quanta formation as described by
Swank'4. Transmission of light through lenses is modelled
as a simple Bemouill:i process. The model currently analyzes
the image at zero spatial frequency, however, spatial-frequency
dependence will be incorporated shortly.

b)

2:1 Fibre Optic Taper
Figure 4 Detector configuration for:
If over a fixed area of the image in the shadow of the a) experimental validation; b) simulation of a digital
lesion the image receptor output arising from unscattered x-ray mammography receptor.
quanta of energy E in the x-ray spectrum is LB and the output
for an equal area of background is BE, then the contrast is given by:
E

((BE + E)

- (LE + SE))
(1)

E(BE+LE+2SE)
E

and the SNR is obtained as:

E(BE+SE) - (LE+SE)
SNR=

E

E (a +

(2)

+2

+

where 5E 5 the scattered x-ray contribution to the recorded output, which is assumed constant over lesion and background, and
y denotes the standard deviation in each component. The intrinsic noise from the detector is contained in aD. Note that since

the scatter component cancels in the numerator of Equation (2), its effect is to decrease SNR because of the presence of &Sfl
in the denominator.
In a slot beam scanning system, where image acquisition times can be significant, two further parameters must be taken

into account in the optimization: scan time and tube loading. These parameters have been incorporated by calculating the
minimum scan time as a function of heat units required, and by limiting the tube current as a function of applied tube kilovoltage

for the two target types.
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3. EXPERIMENTAL VERIFICATION
In order to verify the ability of the model to calculate contrast and signal-to-noise ratio, the detector configuration
illustrated in Figure 4a was used to acquire images of a 400pm thick rectangular bone sample'5 on a 12.5 x 12.5 x 6cm thick
slab of breast phantom material. The bone samples were obtained from bovine cortical femur and were cut to high precision
on a dicing saw. The receptor consists of a gadolinium oxysulfide phosphor screen (Kodak min-R Regular) coupled through
1: 1 lenses to a CCD detector'6. This yielded a coupling efficiency of only 17% but provided flexibility in the experimental
verification of the model. Exposures were produced on a high frequency x-ray generator, with reproducibility of
kYp and
0.5% of the mAs setting. The mAs was adjusted to maintain constant background signal in the images (1.5 x 108 e/mm2 above
the dark signal) while camera integration time was held constant to avoid changes in dark noise contributions (dark noise =8.2
x iO eimm2). All images were corrected for pixel-to-pixel variations in offset and gain of the CCD. Images were obtained
by irradiating the full area of the phantom to allow verification of large field scatter-to-primary assumptions in the model.

4-.
C')

00

Energy (kVp)

Energy (kVp)
Figure Sa Comparison of predicted and measured contrast.

Figure Sb Comparison of predicted and measured
SNR

This preliminary version of the simulation does not yet include spatial frequency information and, therefore, the signalto-noise ratio was calculated over a region of interest (ROl) of 1.2 mm2 in the experimental images to ensure that the MTF and
noise power spectra approximate their zero spatial frequency values. The signal from six ROIs per image in both background
and "lesiont' was used to calculate mean and standard deviation and from them, the contrast and SNR according to Equations
(1) and (2). Plots of measured and predicted values for contrast and SNR at applied kilovoltages ranging from 24 to 42 are
shown in Figures 5a and Sb. Typically, the standard deviation in contrast was 1.5% and in SNR was 13%. Calculatedcontrast
was found to be 25% below measured values. We believe that this is likely due to differences in scatter and in the composition
of bone assumed in the model. For comparison purposes the experimental and measured contrasts were matched at 30kVp and
show similar trends with energy. Similar agreement with energy was also found between measured and calculated SNR.

4. SIMULATIONS
Calculations of SNR were performed for a variety of x-ray spectra on a simulated imaging system consisting of a min-R
screen coupled via a 2:1 demagnifying fiber optic taper to a frame transfer CCD equipped with a fiber-optic faceplate, as shown
in Figure 4b. In spite of the demagnification, the overall coupling efficiency for light transfer in this configuration was 22%.
Calculations of SNR over the lesion area were performed for a constant mean glandular dose to the breast of0.6mGy (60 mrad),
a value typical for non-grid techniques in film-screen mammography. This allows comparison of different spectra for constant
radiation risk. Except where mentioned, all investigations were performed for a cubic lesion of infiltrating ductal carcinoma of
dimension 0.5 cm in a 50-50 breast for thicknesses of 4, 6, and 8 cm.
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We also performed calculations for a tungsten target, aluminum
filter combination. In addition, the SNR for the W/Rh combination
is calculated for an ideal energy-weighted detector, i.e. one which
has 100% quantum efficiency and which adds no intrinsic noise to
the image.

In comparing the results for the ideal detector versus the
more realistic detector considered in the model it is evident that
there is significant potential for improvement in SNR performance
if the detective quantum efficiency can be improved.
From an examination of the trends with respect to breast
thickness, several observations can be made. First, for all breast

. . w wch 500 Rh

.-..

Index, which is based on statistical decision theory. From
calculations performed in our laboratory for monoenergetic x-ray

beams, we found that an energy of 21 keY yielded the maximum
SNR for a fixed dose (6 cm 50-50 breast, 0.5 cm infiltrating ductal
carcinoma). Addition of rhodium filtration to a tungsten target

Energy (kVp)
100

We present in Figure 6 results for three specira incident on
the detector described above. The molybdenum target spectrum,
filtered with 30 pm of molybdenum, is typical of ithat used in
current film-screen mammographic examinations. The tungsten
spectrum filtered with 50 pm of rhodium has been suggested by
Desponds et.aL17 as an appropriate compromise between image
quality and mean glandular dose according to their Image Quality

-: 4

thicknesses,

there is some kilovoltage at which the WfRh

combination performs better than the Mo/Mo combination. For the

a

cm breast this is below 21 kYp and in this range most tungsten

target

x-ray tubes have very low output. The improvement in

performance of the WIRh combination relative to Mo/Mo increases

with increasing breast thickness. Secondly, the optimum kVp
increases with breast thickness, particularly for the molybdenum
target. Finally, for very thick breasts, the SNR cj,e;s appear to
level off for the tungsten spectra. This implies that the signal and
noise are decreasing at the same rate with kYp.

Figure 6 SNR versus applied kilovoltage for detection of
A comparison of the above three spectra for two different
0.5 cm infiltrating ductal carcinoma in 50-50breast tissue. lesions (Figure 7) complicates the choice of applied kilovoltage.
For the W/Rh spectrum, a 300 pm calcification in a 4 cm breast is
imaged with optimum SNR (at a given dose) at 34 kVp. However as mentioned above, a 0.5 cm infiltrating ductal carcinoma
necessitates a much lower applied kilovoltage, less than 20 kVp with this target/filter combination. A tradeoff between the
requirements of the two imaging tasks is, therefore, necessary to ensure adequate visualization of both of the potential indicators
of cancer. For molybdenum, the optimum kVp shows less variation, being 25 kVp for the calcification and 24 kVp for the
tumor.
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4.2 Slot scanned system
When the receptor is used in a slot-scanning system,

tube loading constraints must be considered. For this
simulation the same detector technology is used (Figure 4b),
but the breast is irradiated with a long narrow x-ray beam
and the transmitted radiation passes through a narrow pre-
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detector slit to impinge upon the screen. The image is
acquired over several seconds by scanning the x-ray beam
and the detector across the breast from the chest wall to the

nipple. The scatter rejection of this system is extremely
efficient due to the fore and aft collimators which restrict the

I
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2:20253540

beam width to 0.3 cm. In previous work'8 we determined
458:
the scatter-toprimary ratio for this geometry for a 6 cm
breast to be 0.047 (assumed to be independent of energy).
Energy (kVp)
The x-ray tubes considered in the simulation were a Mo
target tube with 10 kW rating on the large focal spot and a
W target tube with a 45 kW rating. Both tubes had anode Figure 7 Comparison of optimization for a 5mm cubic tumor
and a 300 pm calcification in a 4 cm thick 50-50 breast.
capacities of 300 kilo-heat units (kHU).
The simulation was performed using a 6 cm breast and the infiltrating ductal carcinoma as described above. The 6
cm breast thickness represents a reasonably difficult imaging task, in general requiring longer exposure times and, therefore,
greater than average tube loading.
Tube loading was modeled by calculating the total number of mAs required per image, based on measured tube output
data. The required imaging time was then derived from the instantaneous anode power dissipation limitations, with the tube
operating at no greater than 80% of maximum capacity as recommended by the manufacturers. Results are given in Figure 8
for the tungsten target tube and varying thicknesses of rhodium filtration. The plotted SNR values were constrained by the
requirement that the total energy deposited in the anode did not exceed the anode capacity of 300 kHU. Tube potentials which
allow acquisition of images in less than 8 s and in less than 3 s are indicated. Lower potentials require progressively longer
imaging times since tube efficiency drops off.
100

As more filtration is added, SNR increases but
the tube output is reduced due to absorption of x rays in
the filter material and greater tube loading is required to
deliver a specified patient dose. For that patient dose

90 .20 im .

Figure 8), a peak SNR is reached, and further filtration
ceases to provide a gain in image quality. For the tubes a:
modelled here, 10 pm and 30 jim of Rh, both at 32 kYp, (I)
give optimal performance for scan times of 3 and 8 s
respectively. For comparison purposes, a Mo target with
10 pm of Mo filtration is also shown. Note that due to
the lower power rating of the Mo tube, the SNR at 8 s
falls well below that provided by the tungsten anode. The
exact location of the peaks in the iso-time curves will
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depend to a large extent on the specific tube under

Energy (kVp)
consideration. Adding Rh filtration to the W spectrum
leads to an improvement in SNR of 15% over the peak
Figure 8 Optimization of scanned-slot digital mammographic
value with the unfiltered beam.
detector.

Imaging time is always a concern in scanned
beam systems. Shorter imaging times can be achieved by increasing the width of the scanning slot, however, this would increase
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the scatter-to-primary ratio thereby reducing SNR. This optimization will be the subject of further work.

4.3 Effect of antiscatter grid

90

We performed a preliminary examination of the
use of grids in digital mammography by comparing area

85

scanning system as determined above. Because the area
detectors require only one exposure to obtain the full
image, we chose to apply relatively thick filters on both
the tungsten and molybdenum spectra, to maximize the
SNR in images acquired using this geometry.
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As expected the scanning system provides the
I
.. I . . .
highest SNR for fixed patient dose due to the efficient
scatter rejection of the 3 mm slot (see Figure 9). Even
20
25
30
35
40
45
when five times more Rh filtration is added to the x-ray
Enerriv (kV
beam of the area detector, the SNR is still below that of
the scanned system. Although in a digital system it is not
.
necessary to replace the radiation lost by removal of Figure 9 Comparison of area vs. scanned-slot geometries showing
scatter and attenuation of primary by the grid, the loss of the effect of the grid with the area detector.
primary does lead to a reduction in SNR if dose to the
I

I

patient is fixed. In the case modelled here, addition of the grid leads to a 15% decrease in SNR, indicating that the loss of signal
due to absorption of the primary radiation is not compensated for by the concurrent reduction in noise due to scatter rejection.

5. CONCLUSIONS AND FUTURE DIRECTIONS

The existing model predicts the energy dependence ofexperimentally measured contrast and SNR although discrepancies

exist in the absolute values of these quantities. We have shown that for scanned-slot digital mammography systems, the
combination of applied kilovoltage and filter material which gives maximum SNR for a specific breast dose and i:maging time
can be predicted.
For our scanning system geometry, a tungsten target with Rh filtration gives higher SNR at shorter scanninig times than
is possible to achieve with a molybdenum target tube. For a 6 cm breast and 3 s scan time, peak SNR for a 0.6 mGydose to
the breast is obtained at 32 kYp with 10 pm of Rh.

The high SNR values in our study suggest that it may be possible to reduce patient dose with digital mammography.
A comparison of SNR for the two lesion types predicts that detection of calcifications may determine the minimum dose
requirement.
For digital mammography systems optimized according to SNR, use of a grid does not appear to offer an advantage.
Single and multiple scanning slot systems with air interspace material would seem to be preferable.

This model incorporates data not available to previous investigators192021 simulating the mammographic imaging
process. We have used measured spectra for both molybdenum and tungsten targets and measured attenuation coefficients for
the tissue of the breast and lesion. The availability of monoenergetic absorbed dose data has allowed the comparison of different
spectral distributions without the need to assume an average beam energy, and also incorporates any energy dependent effects
due to detector interactions. These data also allow consideration of the effects of breast composition and thickness for a wide
variety of breast types. The approach is ideally suited for investigation of new detector geometries which may provide improved
image quality and for comparison with current technologies.
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We plan to extend the model to include spatial frequency analysis and variation in breast and lesion composition. We
will also modify the model to deal with the challenging problem of optimization of film systems.
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