
Scaling-law for the energy dependence of anatomic power spectrum
in dedicated breast CT

Srinivasan Vedantham,a) Linxi Shi, Stephen J. Glick, and Andrew Karellas
Department of Radiology, University of Massachusetts Medical School, Worcester, Massachusetts 01655

(Received 28 March 2012; revised 7 November 2012; accepted for publication 8 November 2012;
published 14 December 2012)

Purpose: To determine the x-ray photon energy dependence of the anatomic power spectrum of the
breast when imaged with dedicated breast computed tomography (CT).
Methods: A theoretical framework for scaling the empirically determined anatomic power spectrum
at one x-ray photon energy to that at any given x-ray photon energy when imaged with dedicated
breast CT was developed. Theory predicted that when the anatomic power spectrum is fitted with a
power curve of the form k f −β , where k and β are fit coefficients and f is spatial frequency, the expo-
nent β would be independent of x-ray photon energy (E ), and the amplitude k scales with the square
of the difference in energy-dependent linear attenuation coefficients of fibroglandular and adipose
tissues. Twenty mastectomy specimens based numerical phantoms that were previously imaged with
a benchtop flat-panel cone-beam CT system were converted to 3D distribution of glandular weight
fraction (fg) and were used to verify the theoretical findings. The 3D power spectrum was computed
in terms of fg and after converting to linear attenuation coefficients at monoenergetic x-ray photon
energies of 20–80 keV in 5 keV intervals. The 1D power spectra along the axes were extracted and
fitted with a power curve of the form k f −β . The energy dependence of k and β were analyzed.
Results: For the 20 mastectomy specimen based numerical phantoms used in the study, the exponent
β was found to be in the range of 2.34–2.42, depending on the axis of measurement. Numerical
simulations agreed with the theoretical predictions that for a power-law anatomic spectrum of the
form k f −β , β was independent of E and k(E ) = k1[μg(E ) − μa(E )]2, where k1 is a constant, and
μg(E ) and μa(E ) represent the energy-dependent linear attenuation coefficients of fibroglandular and
adipose tissues, respectively.
Conclusions: Numerical simulations confirmed the theoretical predictions that in dedicated breast
CT, the spatial frequency dependence of the anatomic power spectrum will be independent of x-ray
photon energy, and the amplitude of the anatomic power spectrum scales by the square of difference
in linear attenuation coefficients of fibroglandular and adipose tissues. © 2013 American Association
of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4769408]
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I. INTRODUCTION

Dedicated breast computed tomography (CT) can overcome
the tissue superposition problem that may mimic the pres-
ence of a lesion or mask a lesion in mammography. Bochud
et al.1 showed that certain imaging tasks are affected by back-
ground anatomy. Specific to mammography, Burgess et al.2

and Chakraborty and Kundel3 independently showed that
detection of lesions is impaired by anatomic noise. It has
been previously shown that the anatomic power spectrum
of the breast, often referred to as anatomic noise, is domi-
nant at low spatial frequencies and follows a power-law of
the form K f −β in mammography.2 In mammography, several
studies2, 4, 5 have shown that the value of the exponent β is
approximately 3.

The motivation for this study was based on the following
observations. Metheany6 and Chen7 using a clinical proto-
type dedicated breast CT system operating at 80 kVp deter-
mined the value of the exponent β for power-law anatomic
noise as approximately 1.8. In a recent exploratory study with
a clinical prototype dedicated breast CT system operating at

49 kVp,8 we determined the value of the exponent as approx-
imately 1.6. It is unknown if the observed difference in β val-
ues between the aforementioned studies reflected the subject
population in those studies, or if it was at least partly influ-
enced by the mean energy of the x-ray spectrum used for
acquisition. Hence, we conducted this investigation from the
theoretical perspective as to whether the mean x-ray photon
energy influences the estimate of β.

Additional motivation for this study pertains to our con-
tinuing efforts to optimize dedicated breast CT. In addition
to experimental studies using phantoms with homogenous
background,9 there are ongoing efforts to optimize dedicated
breast CT using analytical modeling10, 11 and human observer
studies.12, 13 The extension of cascaded linear systems analy-
sis to reconstructed image domain provides a framework for
task-specific analytical optimization.14 For optimization stud-
ies using analytical modeling or numerical observers, it is
important to include the anatomic background. Specifically,
given an imaging task, T( f ), the International Commission
on Radiation Units (ICRU) recommended figure of merit,15

the detectability index, d′, can be computed for the case of an
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ideal observer as

d ′2 =
∫

T 2(f ) MTF2(f )

WA(f ) + WS(f )
df (1)

where, f is the spatial frequency, MTF( f ) is the system
modulation transfer function, WS(f ) represents the system
noise power spectrum inclusive of any additive noise source
such as detector electronic noise, and WA(f ) is the anatomic
noise spectrum. Methods to analytically estimate MTF( f ) and
WS(f ) in projection views,11, 16–18 and in reconstructed image
domain14, 19 have been described. For studies investigating the
optimal x-ray photon energy for a given imaging task, one im-
portant aspect that needs to be addressed is the energy depen-
dence of the anatomic power spectrum, WA(f ). Specifically,
we needed to determine appropriate energy dependent scaling
of the power-law fit coefficients, K and β. Hence, a theoret-
ical framework was developed to address this need and was
validated with numerical simulations.

II. METHODS AND MATERIALS

II.A. Theory

If one considers a breast void of any abnormalities, either
benign or malignant such as microcalcifications, soft tissue
lesions, cysts, etc., then for any given location (x, y, z) within
the interior of the breast, i.e., excluding the skin, the tissue
distribution can be considered as a mixture of adipose and fi-
broglandular tissue. At a given location (x, y, z), if mg(x, y, z)
and ma(x, y, z) represent the mass of fibroglandular and adi-
pose tissue, respectively, then the fibroglandular tissue weight
distribution is defined as

fg(x, y, z) = mg(x, y, z)/[ma(x, y, z) + mg(x, y, z)]. (2)

In this study, x − y plane is the transverse or radial plane that
corresponds to the coronal plane during in vivo breast CT,
x − z and y − z planes are the longitudinal planes that
correspond to sagittal and axial planes, respectively, during
in vivo breast CT. Thus, the peripheral skin layer is not consid-
ered in our study, consistent with methods used for estimating
the power spectrum of the anatomic background in dedicated
breast CT.6–8 The linear attenuation coefficient distribution,
μ(x, y, z, E ) at energy E can be stated as

μ(x, y, z, E) = fg(x, y, z) μg(E)

+ [1 − fg(x, y, z)] μa(E), (3)

where μg(E ) and μa(E ) represent the linear attenuation coef-
ficient of fibroglandular and adipose tissue, respectively. For
the case μg(E ) = μa(E ), Eq. (3) results in a uniform back-
ground. For the energy range of relevance (10–80 keV) and
using elemental composition and density data from Hammer-
stein et al.,20 the energy-dependent linear attenuation coeffi-
cients of adipose and fibroglandular tissue were obtained from
NIST database21 and is shown in Fig. 1. From Fig. 1, we ob-
serve that μg(E ) �= μa(E ) for the energy range considered in
this study. Hence, all subsequent analysis corresponds to the

FIG. 1. Linear attenuation coefficient of adipose and fibroglandular breast
tissue plotted as a function of x-ray photon energy. Over the energy range of
10–80 keV, the linear attenuation coefficient of fibroglandular tissue is always
larger than that of the adipose tissue.

case μg(E ) �= μa(E ). Equation (3) can be rewritten as

μ(x, y, z, E) = μa(E) + fg(x, y, z) [μg(E) − μa(E)].

(4)

Fourier transforming Eq. (4) and applying the linear property
of Fourier transform yields

F [μ(x, y, z, E)] = μa(E) δ(u, v,w) + [μg(E) − μa(E)]

× [Fg(u, v,w)], (5)

where (u, v,w) are the spatial frequency coordinates, F rep-
resents the Fourier transform, and Fg(u, v,w) is the Fourier
transform of fg(x, y, z), and the delta-term arises from the con-
stant term in Eq. (4). The delta-term is defined as

δ(u, v,w) =
{

1 at (0, 0, 0)

0 elsewhere
. (6)

The squared magnitude of Eq. (5) yields

|F [μ(x, y, z, E)]|2 = |μa(E) δ(u, v,w)

+ [μg(E) − μa(E)] [Fg(u, v,w)]|2.
(7)

It is known that the anatomic power spectrum of the breast
obtained by ensemble average follows a power-law process.22

Further, such power spectrum computation does not include
the zero-spatial frequency. Also, we do not have prior knowl-
edge as to whether the amplitude k and the exponent β are
energy-dependent. Hence, assuming that k and β may vary
with energy,

1

N

N∑
i=1

|F [μi(x, y, z, E)]|2 = k(E)(√
u2 + v2 + w2

)β(E) . (8)
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From Eqs. (7) and (8) and ignoring the zero-spatial frequency
term, it follows

1

N

N∑
i=1

∣∣[μg(E) − μa(E)]
[
F i

g(u, v,w)
]∣∣2

= k(E)(√
u2 + v2 + w2

)β(E) . (9)

As μg(E ) and μa(E ) are dependent only on energy and not on
spatial frequency coordinates (u, v,w), Eq. (9) implies that
1
N

∑N
i=1 |F i

g(u, v,w)|2 should also follow a power-law pro-
cess with the same exponent β. Thus,

1

N

N∑
i=1

∣∣F i
g(u, v,w)

∣∣2 = k1(E)(√
u2 + v2 + w2

)β(E) . (10)

Since, F i
g(u, v,w) is independent of energy, it follows that

β(E ) and k1(E ) are also independent of energy, i.e., β(E ) = β

and k1(E ) = k1. The implication is that the spatial frequency
dependence of the anatomic power spectrum is independent of
the energy at which the breasts are imaged. Hence, Eq. (10)
can be restated as

1

N

N∑
i=1

∣∣F i
g(u, v,w)

∣∣2 = k1(√
u2 + v2 + w2

)β
. (11)

Also, μg(E ) and μa(E ) are independent of location and
hence, spatial frequency. Hence, Eq. (9) can be stated as

[μg(E) − μa(E)]2 1

N

N∑
i=1

∣∣F i
g(u, v,w)

∣∣2

= k(E)(√
u2 + v2 + w2

)β
. (12)

Substituting Eq. (11) in Eq. (12) yields

[μg(E) − μa(E)]2 k1(√
u2 + v2 + w2

)β

= k(E)(√
u2 + v2 + w2

)β
. (13)

The implication of Eq. (13) is that the amplitude of the power
spectrum is energy-dependent and scales by the square of the
difference in energy-dependent linear attenuation coefficients
of fibroglandular and adipose tissue

k(E) = k1[μg(E) − μa(E)]2. (14)

In summary, theory predicts that in dedicated breast CT, the
spatial frequency dependence of the anatomic power spec-
trum will be independent of x-ray photon energy, and the am-
plitude of the anatomic power spectrum scales by the square
of difference in linear attenuation coefficients of fibroglandu-
lar and adipose tissues.

II.B. Numerical simulations

Numerical simulations were conducted to verify if the ex-
ponent β of the anatomic power spectrum is independent of
energy and if the amplitude of the power spectrum k(E ) scales
by [μg(E ) − μa(E )]2 when the energy E is varied. Under an
institutional review board (IRB)-approved protocol and with
informed patient consent, fresh mastectomy specimens were
obtained immediately following surgery and prior to tissue
gross pathology. A total of 20 surgical mastectomy specimens
were included in this analysis. Using a previously described
benchtop prototype system,23 each specimen was imaged by
placing it in a holder modeling the uncompressed, pendant
breast position used in dedicated breast CT. Every attempt
was made to consistently position the lateral and medial breast
at the same locations in the holder, and the nipple toward
the bottom of the holder. Typical acquisition parameters were
300 projections over a single 360◦ circular half cone-beam
geometry with an x-ray technique of 40 kVp and 0.5 mAs
per projection. Figure 2(a) shows the geometry used for im-
age acquisition with the benchtop system and this geometry
differs from that used in clinical prototype breast CT systems
[Fig. 2(b)]. The projection set was then reconstructed using
the filtered backprojection (FBP) algorithm24 to an isotropic
voxel size of 0.2 mm. Postreconstruction processing steps in-
clude noise reduction using a nonlinear, 3D anisotropic dif-
fusion filter25 and correction for cupping artifacts26 prior to
segmentation. Image segmentation was then performed by
calculating the peak histogram values for adipose and fibrog-
landular tissue (Fig. 3). Voxels to the left of the adipose tissue
peak were assigned to be composed of 100% adipose tissue,
whereas voxels to the right of the fibroglandular peak were
assigned to be 100% fibroglandular. Voxels of value between
the two peaks were linearly scaled to be composed of a mix-
ture of adipose and fibroglandular tissue. The full description

Focalspot

Specimen
holder

Specimen

Detector

(a)

(b) Breast

FIG. 2. Geometry of (a) the benchtop system used for imaging mastectomy
specimens, and (b) a clinical prototype dedicated breast CT system.
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FIG. 3. Method used to convert the linear attenuation coefficient from the mastectomy specimen reconstruction to fibroglandular weight fraction. All voxels
with linear attenuation coefficient less than the adipose peak were assigned 100% adipose tissue and those above the fibroglandular peak were assigned 100%
fibroglandular tissue. Voxels with linear attenuation coefficient values between the two peaks were linearly scaled to be composed of a mixture of adipose and
fibroglandular tissue.

of the process used to generate these numerical phantoms in
terms of fg is given in a prior work.27

Power spectral analysis was conducted in terms of fg, and
after converting to linear attenuation coefficients at monoen-
ergetic x-ray photon energies of 20–80 keV in 5 keV intervals.
A single (128)3 volume centered within each reconstructed
mastectomy specimen was extracted and a 3D Hann window
was applied. The 3D power spectrum (IDL 8.0.0, Exelis Vi-
sual Information Solutions, Inc., Boulder, CO) was computed
as

WX(u, v,w) = 1

N

N∑
i=1

|F{[Xi(x, y, z) − X(x, y, z)]

×H (x, y, z)}|2 �x �y �z

Nx Ny Nz

. (15)

In Eq. (15), Xi(x, y, z) represents either fg(x, y, z) or μ(x, y,
z, E) of the ith volume, X(x, y, z) is the average from N vol-
umes either in fg(x, y, z) or μ(x, y, z, E), H(x, y, z) is the 3D
Hann window,28F represents the Fourier transform, �x = �y
= �z = 0.2 mm are the voxel dimensions, and Nx = Ny = Nz

= 128 are the number of voxels within the volume in the three
orthogonal directions used in the analysis. The 1D anatomic
power spectra, WX(f ), where X = fg or μ(E ) and the spa-
tial frequency f = u, v or w, were extracted along the corre-
sponding axes. For a power curve of the form k f −β , the fit
coefficients k and β were obtained by linear fitting log( f ) vs
log[WX(f )] over the spatial frequency range [0.06, 0.81] and
was used to analyze the energy dependence of k and β. Prior

work29 on characterization of noise power spectrum with the
benchtop CT system using a uniform background showed
that the peak amplitude occurred at a spatial frequency of
∼0.8 cycles/mm. Hence, the choice of spatial frequencies
for estimating the power-law fit coefficients of the anatomic
power spectrum is appropriate.

II.C. RESULTS

Figure 4 shows the 2D anatomic power spectrum at
30 keV along the three orthogonal planes. Figures 4(b) and
4(c) showed the presence of higher amplitude along the
w-axis, in spite of application of the Hann window. Hence,
we considered only the power-law fit coefficients k and β de-
termined along the u and v axes for further analysis.

Figure 5 shows the 1D anatomic power spectrum at
each of the x-ray photon energy considered over the spatial
frequency range [0.06, 0.81]. The power spectrum of the

NPS(u,v,0) NPS(u,0,w) NPS(0,v,w)

FIG. 4. Two-dimensional anatomic power spectrum at 30 keV along the
three orthogonal planes.
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(b)

(a)

FIG. 5. The 1D anatomic power spectra (log-log scale) along the u and v

axes in the spatial frequency range from 0.06 to 0.8 cycles/mm. The power
spectrum of the glandular weight distribution (fg) is also shown as solid line.
The symbols represent the power spectrum computed at each of the x-ray
photon energies. The spatial frequency dependence of the anatomic power
spectra at all energies and that of fg are similar.

glandular weight distribution (fg) is also shown. The spatial
frequency dependence of the anatomic power spectra at all
energies and that of fg are similar.

Figure 6 shows the plot of β as a function of x-ray photon
energy. The error bars represent the standard error in the es-
timate of β. The solid line represents the estimate of β from
the power spectrum of glandular weight distribution (fg) and
the dashed lines the ±1 standard error in its estimate. Figure 6
confirms the theoretical prediction that the spatial frequency
dependence of the anatomic power spectra is independent of
the x-ray photon energy at which the breasts are imaged. Val-
ues for β along the u and v axes were 2.42 and 2.34, respec-
tively, which is higher than that reported in prior studies with
dedicated breast CT.6, 8

Figure 7 shows the 1D anatomic power spectra plotted
as a function of x-ray photon energy at discrete spatial fre-
quencies. The symbols represent the power spectra obtained
through numerical simulations after transforming the fg val-
ues to energy-dependent linear attenuation coefficients. The
lines represent the theoretical prediction based on the scaling

(a)

(b)

FIG. 6. The power-law exponent β along the u and v axes are plotted as a
function of x-ray photon energy. The error bars represent the ±1 standard
error in the estimate of β. The solid line represents the estimate of β from the
power spectrum of glandular weight distribution (fg) and the dashed lines the
±1 standard error in its estimate.

law, where the anatomic power spectrum at 30 keV (marked
by an arrow) obtained from numerical simulations was used
to determine the power spectra at other energies. Visually, ex-
cellent agreement between theory and numerical simulations
is observed.

Figure 8 shows the linear regression analysis of the data
presented in Fig. 7. The adjusted r2 value was greater than
0.99 indicating good correspondence between numerical sim-
ulations and theory. The near-zero intercept and near-unity
slope indicate good agreement between numerical simula-
tions and theory.

III. DISCUSSION

The imaging geometry used to image mastectomy
specimens in this study is different from that used during
in vivo dedicated breast CT, as observed in Fig. 2. Specif-
ically, the cone angle of 0◦ occurs near the nipple (apex of
the specimen holder) in the setup used in this study, whereas

Medical Physics, Vol. 40, No. 1, January 2013
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(b): v -axis

(a): u -axis

FIG. 7. The 1D anatomic power spectra along the u and v axes are plotted
as a function of x-ray photon energy at discrete spatial frequencies. The sym-
bols represent the power spectra obtained through numerical simulations after
transforming the fg values to linear attenuation coefficients. The lines repre-
sent the theoretical prediction based on the scaling law, where the anatomic
power spectrum at 30 keV (marked by an arrow) obtained from numeri-
cal simulations was used to determine the power spectra at other energies.
Excellent agreement between theory and numerical simulations is observed
visually.

in clinical prototype dedicated breast CT systems the 0◦

cone angle occurs close to the chest-wall. This implies that
distribution of cone-beam artifacts is likely to be different
in this study compared to that in in vivo breast CT. This
may have contributed to our estimate of anatomic noise fit
coefficients and could be a possible reason that the β value
estimated in this study is different from that reported in
prior studies with dedicated breast CT.6, 8 Future generations
of dedicated breast CT systems may employ alternate im-
age acquisition trajectories30, 31 or helical acquisition with
photon-counting detectors32–34 that can mitigate cone-beam
artifacts. Importantly, for a given imaging geometry, the key
results from this study, viz., β is independent of x-ray photon
energy, and K scales with x-ray photon energy are still valid.

FIG. 8. Linear regression analysis of the anatomic power spectrum from nu-
merical simulations with that determined from theory. The adjusted r 2 value
was greater than 0.99 indicating good correspondence between the theory
and simulations. The near-zero intercept and near-unity slope indicated good
agreement between theory and simulations.

While we attempted to position each mastectomy
specimen within the specimen holder in an orientation
representative of in vivo breast CT, it is likely that the spatial
distribution of adipose and fibroglandular tissue may not be
exactly representative of in vivo breast CT. In this study, the
power spectrum was computed from numerical phantoms that
were subjected to additional preprocessing steps including a
correction for cupping artifacts26 and anisotropic diffusion
filtering25 as well as segmentation, whereas prior studies6, 8

computed the power spectrum directly from the breast CT
reconstructions. Also, the upper limit of the spatial frequency
used to determine β in this study is different from prior
studies.6, 8 All of these factors could have also contributed to
our estimate of β being different from that reported in prior
studies with dedicated breast CT.6, 8

The presence of substantial noise power along the w-axis
that corresponds to the cone-angle direction was observed in
Fig. 4. Since the anatomic power spectrum was computed af-
ter subtraction of the average volume [Eq. (15)], this noise
source is stochastic. Further, the presence of this noise even
at high spatial frequencies suggests that it is likely to be sys-
tem noise.

In this study, we used a single volume of interest (VOI)
from each specimen and the power spectrum was computed
from ensemble average over all 20 specimens. While it is
possible to compute the power spectrum using multiple VOIs
from each specimen, we chose to use a single VOI from each
specimen as it allows for the assumption that the samples are
independent. We used an approach similar to that described
by Burgess22 for 2D imaging to estimate the anatomical noise
in 3D (i.e., over the ensemble of all breasts), so each spec-
trum is an independent sample drawn from the same random
process, which is then averaged across samples to reduce the
variance in the estimate.

Substituting adipose and fibroglandular tissues in Eq. (1)
through Eq. (14), with any two tissues t1 and t2 that satisfy
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the condition μt1(E ) �= μt2(E ), it is readily observed that the
scaling law for the anatomic power spectrum is valid. This
could be of benefit for task-specific optimization of the x-ray
photon energy for CT imaging of organs and anatomy that
can be approximated by a two-component tissue model, e.g.,
lesion detection in brain approximated as comprising gray and
white matter.

IV. CONCLUSIONS

Current clinical prototype systems use substantially differ-
ent kVp and filtration, and hence mean energy.35, 36 This work
demonstrated that in dedicated breast CT, when the anatomic
power spectrum is empirically determined at one x-ray pho-
ton energy, the anatomic power spectrum at any other energy
can be determined by scaling its amplitude. The provided in-
formation allows for appropriate energy-dependent scaling of
the anatomic power spectrum for task-specific optimization.
While the study was focused on breast imaging, the described
scaling law is also valid for any two-component model for the
anatomy.
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