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In this work, two semi-analytical models are described to evaluate the subject contrast of nodules and

the normalized average glandular dose in mammography. Both models were used to study the influence

of some parameters, such as breast characteristics (thickness and composition) and incident spectra

(kVp and target–filter combination) on the subject contrast of a nodule and on the normalized average

glandular dose. From the subject contrast results, detection limits of nodules were also determined.

Our results are in good agreement with those reported by other authors, who had used Monte Carlo

simulation, showing the robustness of our semi-analytical method.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Mammography is, nowadays, the most effective and accurate
method for early detection of breast cancer. Since mammography
is always associated with a small risk of carcinogenesis, it is
important to establish an optimization criterion between image
quality and breast dose (Dance, 1990; Wu et al., 1991; Dance et al.,
2000a). The first step to achieve this optimization is to evaluate
the image quality and the absorbed dose in mammography for
different examination parameters.

The image quality is usually evaluated in terms of contrast,
noise and unsharpness (Carlsson et al., 1986; Vyborny and
Schimidt, 1994). In screen–film mammography the image contrast
is the main quality index, and it is dependent on subject contrast
and on film contrast, which are independent of each other
(Wagner, 1991). Several works have investigated the factors that
affect the subject contrast (SC) of microcalcifications within a
breast (Wagner, 1991; Dance et al., 1992, 2000b; Gingold et al.,
1995; Delis et al., 2006). However, less extensive data are available
for subject contrast of nodules (Wagner, 1991; Yaffe et al., 1994).
The subject contrast determination has been performed in most of
the previous works by Monte Carlo simulation (Dance et al., 1992;
Dance et al., 2000b; Delis et al., 2006), although Carlsson et al.
(1986) proposed an analytical model, which could be applied to
compute SC values in a mammographic examination. A similar
semi-analytical model was employed by Leclair and Johns (2002)
to compute the contrast only due to scattered radiation.
ll rights reserved.

).
The average absorbed dose by glandular tissue is the most
appropriate information for risk assessments associated with
mammography (Dance, 1990; Dance et al., 2000a). However,
direct measurement of this quantity is impossible, and in most
practical situation it is derived from the product of the measured
entrance air kerma and appropriate conversion factors of normal-
ized average glandular dose (Dance, 1990; Wu et al., 1991, 1994;
Dance et al., 2000a). These conversion factors can be computed
using basically two approaches: from measured depth dose data
(Hammerstein et al., 1979) or using Monte Carlo simulation
(Dance, 1990; Wu et al., 1991, 1994; Dance et al., 2000a;
Koutalonis et al., 2006). Among these methods, the determination
by Monte Carlo simulation is the most used, since it eliminates
some limitations in the measurements (e.g., variation of the dose
laterally, breast phantom composition and geometry).

In summary, these quantities (subject contrast and normalized
average glandular dose) are usually determined experimentally
and by simulation (Monte Carlo) methods, which are time
demanding. Thus the development of analytical models to study
these parameters in a fast and simple way would be useful.

In this work, we describe semi-analytic models, which were
developed to determine the subject contrast and the normalized
average glandular dose in mammography. The model for the
subject contrast computation takes into account both primary and
scatter (single and double) contributions in the transmitted X-ray
intensity. The model for the normalized average glandular dose
includes the contribution of single and double interactions in the
computation of the fraction of energy absorbed by the glandular
tissue. Both semi-analytical models were used to study the
influence of some parameters, such as breast characteristics
(thickness and composition) and incident spectra (kVp and
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target–filter combination), on the subject contrast of a nodule and
on the normalized average glandular dose. From the subject
contrast results, detection limits of nodules were also determined.
2. Materials and methods

2.1. Geometrical model

The compressed breast was represented by a half cylinder, with
area of 100 cm2 and variable thicknesses between 2 and 8 cm.
The tissue distribution inside the object was considered as a
homogeneous mixture of adipose and glandular tissue uniformly
distributed in the central region and enclosed by a 0.5 cm adipose
layer in both upper and lower surface. The glandular content of
the breast tissue was varied from 0% to 100% in order to represent
several breast compositions. The detection system was composed
by a Gd2O2S:Tb phosphor screen of mass thickness 33.4 mg/cm2

(compatible with Kodak Min-R 2000) and a Kodak Min-R
2000 film. A 65 cm source-to-image receptor distance was
assumed. In this preliminary work the grid was not considered.

For simplicity, two approximations in the geometrical model
were adopted. The first one was to assume a parallel beam
geometry (i.e., the incident beam was perpendicular and uni-
formly distributed over the phantom). According to the literature
(Boone and Cooper, 2000), this is a good approximation due to
small maximum beam divergence in standard mammography.
Besides, specifically to study the subject contrast, the large-area
contrast approximation was considered, and a contrasting detail
with large-area and small thickness (varying between 0.1 and
1 cm) was included within the breast. The contrasting detail
(nodule) was composed by malignant breast tissue and was
located at an arbitrary distance from the surface.
2.2. Sources of the models: X-ray spectra, compositions data and

cross-section

The mammographic spectra utilized in this study were
computed using the interpolation polynomial developed by Boone
et al. (1997). The X-ray spectra were calculated for Mo and Rh
anode materials, operating at tube voltages from 24 to 35 kVp, and
filtered with appropriated K-edge filters (Mo and Rh). The spectra
were also modified by the addition of a sheet of 3 mm
polycarbonate plastic (compression paddle) and normalized to
produce the same air kerma of 8.764 mGy. The half value layer
(HVL) in mm Al and the mean energy were determined for each
spectrum using the model proposed by Kharrati and Zarrad
(2003).

The elemental compositions and density of the breast tissues
were taken from Hammerstein et al. (1979). The linear attenua-
tion coefficients of the phosphor screen were obtained from the
X-COM Database (Berger et al., 2005). Differential cross-sections
for the incoherent and coherent scattering were computed using
the independent atomic model. The corresponding atomic form
factor (F) and incoherent atomic function (S) were obtained from
Hubbell et al. (1975).

The linear attenuation coefficients of normal and malignant
breast tissues were computed from the parametric curves of
Tomal et al. (2009): lnðmðEÞÞ ¼ a1þa2ðlnEÞþa3ðlnEÞ2þa4ðlnEÞ3,
(E is the energy in keV and m(E) is given in cm�1), where the
parameters {a1, a2, a3 and a4} were determined through least-
square technique. The parameters derived from the fitting
procedure for each type of breast were for adipose tissue {1.708,
5.060, �3.494, 0.5130}, glandular tissue {�2.410, 10.356, �5.458,
0.7478} and malignant tissue {�2.545, 10.746, �5.620, 0.7665}.
2.3. Subject contrast

The subject contrast (SC) was calculated using Eq. (1),
introduced by Carlsson et al. (1986) and Wagner (1991)

SC ¼ ln
qB

qD

� �
ð1Þ

where qB and qD are the energies imparted to the receptor per unit
area beside and behind the contrasting detail, respectively.
Considering that these quantities can be separated in primary
(p) and scatter (s) components, and assuming that qBs ¼ qDs ¼ qs,
Eq. (1) becomes

SC ¼ ln 1þ
ðqBP
� qDP

Þ

qBP
ðqDP

=qBP
þqs=qBP

Þ

� �
ð2Þ

In this work the primary contributions qBP
and qDP

were calculated
using Eqs. (3) and (4), previously proposed by Carlsson et al.
(1986)

qBP
¼

Z
E

E� fEðEÞ � IFðEÞ � e�mB�L dE ð3Þ

qDP
¼

Z
E

E�fEðEÞ � IFðEÞ � e�mB �Le�ðmD�mBÞx dE ð4Þ

where E is the photon energy, fEðEÞ is the photon fluence, IF(E) is
the X-ray detection efficiency, mB and mD are, respectively, the
linear attenuation coefficient of the breast and the contrasting
detail, L and x are the thicknesses of the breast and the detail,
respectively. The X-ray detection efficiency was estimated as the
maximum value, assuming that all photons that interact with the
system deposit its energy in a single interaction (i.e., no secondary
photons escape), as suggested by Motz and Danos (1978).

The scatter component (qs) was computed taking into account
only the contributions of single and double scattered photon by
the breast on the detection system. The single scatter contribution
was calculated according to the simple approach proposed by
Magalh~aes et al. (1995), while the double scatter contribution was
estimated using the method proposed by Wong et al. (1981). This
latter contribution can represent from 15% to 40% of the scatter
component (qs), depending on the breast thickness and composi-
tion. The comparison of our qS=qBp

ð ¼ S=PÞ values with those
obtained from Dance et al. (1992) showed a small difference
(�7%), demonstrating that the first and second order scatter
contributions are the major contributions on the scatter radiation
transmitted.

2.4. Normalized average glandular dose

The normalized average glandular dose ðDgNÞ was calculated by,

DgN ¼ c �
1

wg � r� ðL� 2aÞ
�

Z
E� fEðEÞ � GðEÞ � aðEÞdE

� �
ð5Þ

where c is a unit conversion factor, a is the thickness of the skin
layer, r and L are the breast density and thicknesses, respectively,
ðL� 2aÞ � r�wg represents the ratio between the mass of
glandular tissue within the breast and the irradiated area, the
factor GðEÞ is used to convert the absorbed energy in the whole
breast to the energy absorbed only in the glandular tissue and aðEÞ
is the fraction of incident energy absorbed by the breast. The last
two factors were calculated for monoenergetic X-ray beams from
5 to 35 keV in 0.5 keV increments.

The GðEÞ factors were calculated using the mass energy
absorption coefficients ðmen=rÞ for adipose and glandular tissues,
as proposed by Boone (1999).

The aðEÞ fraction was computed considering only the contribu-
tion of first and second interactions on the absorbed energy.
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Initially, the incident beam (monoenergetic and parallel) was
attenuated by the top adipose layer. The energy absorbed in this
layer was not included in the dose computation. Then, the central
region of the breast was divided into parallel slices, perpendicular
to the cylinder symmetry axis. The number of first interactions in
each slice was calculated by NkðEÞ ¼N0ðe

�m�dzðk�1ÞÞ � ð1� e�m�dzÞ�

ðe�ms�aÞ, where E is the photon energy, m and ms are the linear
attenuation coefficients of the breast and adipose layer, respec-
tively, N0 is the number of incident photons with energy E, dz is
the slice thickness and the index k represents the kth slice. The
average energy absorbed in the breast due to the first interactions
was computed using the relation E1;abs ¼

P
kE� NkðEÞ � men=m,

where men is the linear energy-absorption coefficient of the breast.
The next step was to compute the energy deposited in the breast
due to the second interactions. For this, the number of photons
scattered at different directions was determined according to their
differential scattering cross sections, and the point of the primary
interaction was assumed uniformly distributed on the area
perpendicular to the incident beam. The number of second
interactions was calculated and the respective absorbed energy
E2;abs was numerically evaluated by a similar way to that used to
first interactions. Finally, the fraction of absorbed energy due
to the first and second interaction, aðEÞ, was computed by
aðEÞ ¼ ðE1;absþE2;absÞ=R, where Rð ¼N0 � EÞ is the radiant energy
incident on the breast. It is worth to mention that the contribution
of the second interactions on the fraction aðEÞ represented
between 4% and 40% of its value, depending on the breast
thickness and photon energy. This large contribution shows the
importance of including the second interactions on the DgN values.
3. Results and discussions

3.1. Subject contrast

The influence of the breast thickness and composition on the
subject contrast is shown in Fig. 1a, for a nodule of 2 mm and a
Mo/Mo target–filter combination at 28 kVp. The subject contrast
decreases up to 90% with increasing the breast thickness and
glandular content. This can be explained by two facts: the primary
contrast decreases due to beam hardening by thicker breasts and
Fig. 1. (a) Subject contrast as a function of the breast thickness and composition, for a no

kVp for a breast 50%, adipose 50%, glandular of 5 cm of thickness with a nodule of 2 m
the ratio S/P increases for larger thicknesses (Dance et al., 1992,
2000b; Gingold et al., 1995).

Fig. 1b shows the dependency of the subject contrast with the
incident spectra for an average breast (50% glandular) of thickness
5 cm and a nodule of 2 mm. The subject contrast is greater for
Mo/Mo spectra than for Rh/Rh spectra at lower tube potentials.
However, increasing the tube potential from 28 to 35 kVp, the
subject contrast decreases up to 35%, 21% and 17% for Mo/Mo,
Mo/Rh and Rh/Rh spectrum, respectively. This is attributed to the
reduction of the contrast with increasing the mean energy of
the spectrum (Gingold et al., 1995). The intersection between the
curves, shown in Fig. 1b, is due to the shape of the spectrum
transmitted by the breast, and the intersection point depends on
the breast thickness and composition.

Finally, based on the results for subject contrast, detection
limits were estimated for nodules composed by malignant breast
tissue. For this, we considered the screen–film combination
described above, and assumed a gross optical density of
1.4 associated with the background, which is a typical value for
screen–film mammography. Fig. 2 shows the subject contrast as a
function of the nodule size embedded in an average breast of
thickness 2, 4, 6 and 8 cm, using a Mo/Mo spectrum at 28 kVp.
The threshold values of subject contrast corresponding to
differences in optical density between 2% and 6% (these values
were determined considering that the human vision can
discriminate these differences in optical density) also were
included in Fig. 2 in order to illustrate the detection limits. This
figure shows detection limits between 1.2 and 3.2 mm for an
average breast of 4 cm, depending on the contrast threshold.
As breast thickness increases, for 6 and 8 cm, it was observed
larger values of detection limit (up to 32 and 68%, respectively).
Moreover, the detection limits decrease by a factor of about 2 if
the contrasting object is embedded in a pure adipose breast, and
increases by a factor about 3 for a pure glandular breast. These
results are in agreement to those from Brodie and Gutcheck
(1982) (between 2 and 4 mm) and from Del Guerra et al. (2002),
determined using a signal-to-noise ratio (SNR) threshold value
(between 3 and 5 mm). It is worth to mention that the detection
limits presented in this work are valid for large area nodules, with
constant thickness (e.g., cubic or cylindrical). For nodules with
other geometric shapes (e.g., spherical), the minimum detectable
dule of 2 mm and a Mo/Mo spectrum at 28 kVp. (b) Subject contrast as a function of

m in three different spectra (Mo/Mo, Mo/Rh and Rh/Rh).
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Fig. 2. Subject contrast versus nodule size at average breasts of 2, 4, 6 and 8 cm. (–)

represents the contrast thresholds between 2% and 6%.

Table 1
Normalized average glandular dose as a function of breast thickness and

compositions.

Breast thickness (cm) Breast glandularity (%)

0 50 100

2.0 0.454 0.411 0.369

3.0 0.345 0.294 0.250

4.0 0.272 0.223 0.183

5.0 0.222 0.176 0.142

6.0 0.185 0.145 0.115

7.0 0.157 0.122 0.097

8.0 0.137 0.105 0.083

Mo/Mo spectrum at 28 kVp (HVL=0.35 mm Al).

Table 2
Influence of the incident spectra on the normalized average breast dose for an

average breast (50% glandular) of 5 cm.

(kVp) HVL (mm Al) Anode–filter combination

Mo/Mo Mo/Rh Rh/Rh

26 0.36 0.182 0.188 –

28 0.36 0.186 0.192 0.200

0.38 0.194 0.200 0.208

0.40 0.202 0.209 0.218

30 0.40 0.204 0.210 0.221

32 0.42 0.214 0.220 0.234
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detail size can be estimated considering that the detections limits
determined previously are related to the mean chord length in
these object.
3.2. Normalized average glandular dose

The results for the factors of the normalized average glandular
dose as a function of the thickness and composition of the breast
are presented in Table 1. The values were calculated for a Mo/Mo
spectrum at 28 kVp (HVL=0.35 mm Al). The DgN values decrease
with increasing the breast thickness and glandularity by up to
75%. The values of Table 1 were compared with those published by
Zoetelief and Jansen (1995), Dance et al. (2000a) and Koutalonis
et al. (2006), showing differences o9%. The differences were
greater for adipose breast and lesser for glandular breast. These
discrepancies can be due to X-ray spectra, geometry, interactions
cross-sections, and mainly, due to the semi-analytical approach
used to obtain aðEÞ values. Particularly, it was observed that the
differences are higher for thicker breasts. This was expected
because our model neglects the multiple scattering that becomes
more probable with increasing the breast thickness.

The influence of the incident spectra on DgN-factors is
presented in Table 2 for an average breast (50% glandular) of
5 cm. For a given kVp and anode–filter combination, the DgN

values increase up to 9% with increasing the HVL, as presented in
Table 2. For the complete range studied in this work, a large
variation (up to 20%) with the HVL was found. The DgN values also
increase with the kVp. Although the variation presented in Table 2
is small, the differences can be up to 10% for a large alteration in
kVp and constant HVL. From Table 2, it can be seen that the DgN

values for a Mo/Mo spectra are smaller than for Mo/Rh and Rh/Rh
by approximately 3% and 8%, respectively. In summary, the
general behaviors of our data are in agreement with observation
of Wu et al. (1991, 1994) and Dance et al. (2000a).
4. Conclusions

In this work we illustrated two semi-analytic models that
provide a simple and accurate way to calculate subject contrast
and normalized average glandular dose in mammography. Both
semi-analytical models were used to study the influence of some
parameters, such as breast characteristics (thickness and compo-
sition) and incident spectra (kVp and target–filter combination)
on the subject contrast of a nodule and on the normalized average
glandular dose. The obtained results are in good agreement with
those reported by others authors, who had used Monte Carlo
simulation (Dance, 1990; Wu et al., 1991, 1994; Zoetelief and
Jansen, 1995; Dance et al., 2000a). These facts show that higher
orders of interactions can be neglected without inducing large
errors compared with Monte Carlo simulations, and simplifying
the analytical models. However, for large breasts, the developed
models could be improved, including interactions of higher
orders, in order to provide more precise results of subject contrast
and normalized average glandular dose. Finally, this study allows
predictions of detection limits for nodules embedded in breast of
different thickness and composition.

Regarding to the limitations of the semi-analytical models
described in this work, we can cite the use of a parallel beam
geometry (which can underestimate the SC and DgN values up to
1%), the use of a non-finite focal spot (which excludes another
effects on the image quality, such as unsharpness), and the
definition of detection limits from the large area contrast.
Therefore, in order to reduce the simplifications adopted further
studies must be performed, attempting to improve the irradiation
geometry (considering a finite focal spot and a divergent beam),
and to extend the definition of detection limits (combining
threshold values of contrast and signal-to-noise ratio).
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