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Abstract
Background: K-edge subtraction (KES) imaging is a dual-energy imaging tech-
nique that enhances contrast by subtracting images taken with x-rays that are
above and below the K-edge energy of a specified contrast agent.The resulting
reconstruction spatially identifies where the contrast agent accumulates, even
when obscured by complex and heterogeneous distributions of human tissue.
This method is most successful when x-ray sources are quasimonoenergetic
and tunable, conditions that have traditionally only been met at synchrotrons.
Laser-Compton x-ray sources (LCSs) are a compact alternative to synchrotron
radiation with a quasimonoenergetic x-ray spectrum. One limitation in the clini-
cal application of KES imaging with LCSs has been the extensive time required
to tune the x-ray spectrum to two different energies.
Purpose: We introduce an imaging technique called scanning K-edge subtrac-
tion (SKES) that leverages the angle-correlated laser-Compton x-ray spectrum
in the setting of mammography. The feasibility and utility of this technique will
be evaluated through a series of simulation studies. The goal of SKES imag-
ing is to enable rapid K-edge subtraction imaging using a laser-Compton x-ray
source. The technique does not rely on the time-consuming process of tuning
laser-Compton interaction parameters.
Methods: Laser-Compton interaction physics are modeled using conditions
based on an X-band linear electron accelerator architecture currently under
development using a combination of 3D particle tracking software and Mathe-
matica.The resulting angle-correlated laser-Compton x-ray beam is propagated
through digitally compressed breast phantoms containing iodine contrast-
enhanced inserts and then to a digital flat-panel detector using a Matlab Monte
Carlo propagation software. This scanning acquisition technique is compared
to the direct energy tuning method (DET), as well as to a clinically available
dual-energy contrast-enhanced mammography (CEM) system.
Results: KES imaging in a scanning configuration using an LCS was able to
generate a KES image of comparable quality to the direct energy tuning method.
SKES was able to detect tumors with iodine contrast concentrations lower than
what is clinically available today including lesions that are typically obscured by
dense fibroglandular tissue. After normalizing to mean glandular dose, SKES is
able to generate a KES image with equal contrast to CEM using only 3% of
the dose.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2025 The Author(s). Medical Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists in Medicine.
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2 REUTERSHAN ET AL.

Conclusions: By leveraging the unique quasimonochromatic and angle-
correlated x-ray spectrum offered by LCSs, a contrast-enhanced subtraction
image can be obtained with significantly more contrast and less dose compared
to conventional systems, and improve tumor detection in patients with dense
breast tissue.The scanning configuration of this technique could accelerate the
clinical translation of this technology.

KEYWORDS
contrast-enhanced mammography, dual-energy, K-edge subtraction, laser-Compton

1 INTRODUCTION

K-edge subtraction (KES) imaging is a dual-energy
x-ray modality that images the accumulation of contrast
agents, typically iodine-based. KES takes advantage of
the discontinuous change in the photoabsorption cross-
section of the inner K-shell electrons at a characteristic
energy that is unique to each element referred to as the
K-edge. For iodine, the K-edge energy is 33.169 keV
(see Figure 1a). By taking two images, one with energy
tuned just above the K-edge and another with energy
tuned just below the K-edge, subtraction of these two
images ideally leaves enhancement at the place of
contrast uptake only. Since tumor angiogenesis tends
to result in leaky vasculature, KES has been used in
the past for cancer imaging. This paper will evaluate
a recently proposed method of KES imaging using a
unique, compact, tunable, quasimonoenergetic class
of x-ray sources known as laser-Compton sources
(LCSs).1 Because the most clinically used applica-
tion of KES is in dual-energy mammographic cancer
screening, known as contrast-enhanced mammography
(CEM),2 the authors will evaluate this method in the
setting of mammography.

1.1 Dual-energy imaging and
mammography

Breast cancer is the most diagnosed cancer and
the second cause of cancer death in women in the
United States.3 Breast cancer outcomes have been
improving since the implementation of widespread
mammographic screening.4 Despite the success of
mammography, there are still many improvements that
need to be made. Mammographic screening can miss
up to 20% of cancers5,6 and can have a positive pre-
dictive value below 5% in certain situations.7 For the
patient population with a high fraction of fibroglandular
tissue, the diagnostic power of mammograms is signif-
icantly worse and can miss as much as up to 70% of
breast cancers in that population.5,6 This fact led the
US Food & Drug Administration to require disclosure
of breast density, and a statement that mammography
alone may not be sufficient in patients with dense breast

tissue suggesting higher-level imaging to be performed.8

This highlights a clinical need to improve mammogra-
phy, especially for the at-risk population, namely those
patients with dense breasts.

CEM, also referred to as contrast-enhanced dual-
energy mammography, contrast-enhanced digital
mammography, contrast-enhanced spectral mam-
mography, or simply dual-energy mammography, has
been in clinical use for more than a decade.9 It has
proven to be a useful imaging modality, having bet-
ter diagnostic power than traditional mammography
and a sensitivity to breast cancer that is on par with
3-dimensional contrast-enhanced magnetic resonance
imaging (MRI)10 and even mammography with ultra-
sound combined.11 Despite its superior sensitivity to
mammography,CEM has not gained widespread clinical
traction, likely due to the need for higher-level health
professionals, the increased risk of adverse effects
because of the use of intravenous iodine-based con-
trast agents, and the general increase in dose obtained
from two separate exposures.

Traditional x-ray tubes are the sources used in
dual-energy mammography devices. They produce
bremsstrahlung radiation that is broad in bandwidth and
are tuned to peak photon energies that are more than
10 keV from the iodine K-edge. Since K-edge photoab-
sorption is a near-discontinuous physics process, KES
would show the greatest enhancement having energies
that are as close as possible to the K-edge of the
contrast material. In recent history, synchrotrons have
been investigated for use in KES imaging since they
have the capability to produce narrow energy band-
width radiation when combined with crystal bandwidth
filters, that is ideal for KES.12 However, these sources
are institutional-sized ring electron accelerators and
possess no feasible downscale to fit within a clinic.
LCSs, on the other hand, are compact and produce
synchrotron-like tunable radiation that is narrow in
energy bandwidth (BW) making them a viable source
for clinical translation of KES imaging.13,14

1.2 Laser-Compton sources

LCSs work by colliding laser light with an accelerated
electron beam (see Figure 1b). The two beams undergo
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REUTERSHAN ET AL. 3

F IGURE 1 (a) Attenuation coefficients of iodine, fibroglandular tissue, and adipose tissue in the energy range used in this study. (b)
Diagram of laser-Compton interaction. A well-timed overlap of a laser pulse and an accelerated electron bunch will under Compton scattering to
produce x-rays in the direction of electron beam propagation. (c) Laser-Compton intensity heat map with mean energy contours overlay. (d)
Integrated laser-Compton energy spectrum over different half -angle collimations. More aggressive collimation blocks low energy photons at
larger half -angles resulting in decreasing energy bandwidth, but also causes lower overall flux.

Compton scattering and the energy of the scattered
radiation is double Doppler upshifted in the laboratory
frame into the x-ray regime. The energy of the scattered
radiation, EC, can be derived from relativistic energy-
momentum conservation.13 For a head-on collision and
small scattering angles, the scattered radiation at angle
𝜃 has an energy that approaches the functional form15

EC(𝜃) =
4𝛾2EL

1 + 𝛾2𝜃2 + 4𝛾k0�c
,

where 𝛾 is the electron beam’s Lorentz factor 𝛾 =
Ee∕mec2 + 1, with Ee being the kinetic energy of the
electron and me the rest mass of the electron, EL is
the energy of the laser photon, k0 is the wavenumber of
the laser photon, and �c is the reduced Compton wave-
length. The numerator in the energy expression, 4𝛾2EL,
represents the double Doppler upshift that is character-
istic of LCSs. Depending on the energy of the electron
beam, this results in taking an initial laser photon of
energy on the order of a couple of electronvolts to cre-
ate a scattered photon up to 10’s of keV or even MeV
energies. By adjusting the energy of the electron beam,
the scattered x-rays can be tuned to the desired energy.

The properties of an LCS are dependent on the
physical characteristics of both the electron beam
and the laser used in the interaction. Mathematically,
the spectrum differential in energy and solid angle
becomes,16

dN
dΩdE

= ∫
d𝜎
dΩ

𝛿[E − EC(𝜃)] c (1 + 𝛽0) nl(x𝜇) ne(x𝜇) d4x𝜇.

Here,N is the number of photons scattered in the solid
angle Ω with energy E, d𝜎∕dΩ is the Klien–Nishina dif-
ferential cross section,c is the speed of light,𝛽0 is the net
reduced speed (v∕c) of the electron, and nl and ne are
respectively the laser and electron densities parameter-
ized in terms of the electron 4-position x𝜇. The result of
this LCS physics is an energy-intensity spectrum that is
dependent on the scattering angle in space. Figure 1c
shows an LCS spectrum obtained using a Gaussian
laser beam scattering with an electron beam that is
Gaussian in space and time.Because the scattering is a
dipole phenomenon, the intensity profile follows a dipole
radiation pattern that is projected onto the imaging plane
where the laser polarization is along the short axis of the
x-ray intensity pattern.
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4 REUTERSHAN ET AL.

While previous and existing Compton sources have
demonstrated energy bandwidths in the 10’s of percent,
optimized sources can reach 0.1% full width at half
maximum (FWHM) ΔE∕E. It was recently demonstrated
energy bandwidths down to 0.5% root-mean-square
(rms) are achievable with a distributed charge
laser-Compton architecture.17 This architecture is
assumed for the basis of this study and the KES per-
formance of that existing source will be evaluated.
Figure 1d shows the integrated energy spectrum of an
LCS and its dependence on aperture size. Due to the
quasimonoenergetic and tunable properties of LCSs,
they have been a subject of study for KES imaging for
some time. Previous experimental studies at the Munich
Compact Light Source performed iodine-based exper-
imental LCS KES using an iodine filtering method.18

Computational studies have also been performed using
a direct energy tuning (DET) method by simulating two
exposures each at a different tuning of the LCS, one
study looking at iodine-based contrast19 and another
looking at gadolinium-based contrast agents.20 These
methods, especially DET, take time to implement chang-
ing source parameters. Such changes are not trivial and
cause significant delay between exposures leading to
potential complications and artifacts in the image.

This paper investigates an alternate method, called
scanning KES (SKES), using an LCS requiring only a
single parameterization/energy tuning and continuous
operation without a time delay to obtain two separate
images. This method has been proposed previously1

and makes use of the angle-correlated spectrum cre-
ated by an LCS. If an LCS is tuned to have an energy
spectrum that contains energies that are surround-
ing a contrast element’s K-edge, then one could scan
the beam exposing the object to both energies and
computationally reconstruct the KES image. This is per-
formed in the setting of iodine-based contrast-enhanced
mammography and comparisons of image quality are
made to a clinically available CEM source and the
DET method.

2 METHODS

2.1 Scanning and direct energy tuning
K-edge subtraction protocols

SKES makes use of the energy-angle correlation of an
LCS x-ray spectrum. For an electron beam with suffi-
ciently small emittance,the mean energy contours follow
radial symmetry and have the highest energy in the
on-axis direction of propagation of the x-ray beam21

(Figure 1c). The intensity pattern depends on the polar-
ization of the laser and follows a dipole scattering
pattern that is projected onto the imaging plane.15,22 The
result is an energy spectrum that varies depending on
the solid angle in space.Due to the spatial separation of

the energies, if the energy of the LCS is tuned to include
the K-edge energy of a contrast element, one can sep-
arate an LCS x-ray spectrum spatially into two zones,
an inner spectrum that has photon energies above the
K-edge and another that has photon energies below
the K-edge.

Since the LCS spectrum has an effective above and
below spectrum in a single energy tuning, translat-
ing an object through the beam, or equivalently the
beam across the object, would expose the object to
both energies without need to change source parame-
ters. Software processing can then digitally segregate
each zone for appropriate subtraction following expo-
sure. Since the energy of the x-ray is determined by
its location in space, the effective high-energy and low-
energy exposure zones can be determined in the beam.
Those spatial locations can then be used to reconstruct
the effective KES image. A simpler and safer approach
to a patient would be to use physical blocks of the beam
to separate these zones to reduce unnecessary doses
to the patient. These blocks may be achieved by solid
material of high atomic number machined to the desired
shape or coatings applied to the x-ray output window.
This study assumes physical blocks in the shape of a
circular annulus to appropriately separate two quasi-
monoenergetic zones without energies that cross the
K-edge energy of iodine (33.169 keV). Figure 2b shows
a rendering of a physical beam block.

Figure 2c,d shows an illustration of the proposed
patient machine interface. In this concept, the patient
is lying prone on the translation bed with their breasts
hanging within a cutout. This orientation is the same
that is used in dedicated breast CT,23,24 breast MRI25

as well as previous breast imaging studies performed
at synchrotrons.26 The scanning direction was chosen
to be along the mediolateral axis in the axial plane as
it would minimize unnecessary radiation exposure to
the patient in a true clinical scenario. Scanning in the
opposite dimension along the anteroposterior axis could
potentially lead to an increased dose to the chest wall,
thorax, and head assuming the beam is incident from
the patient’s cranial direction. Scanning in the frontal
plane, either mediolaterally or craniocaudally, would add
an unnecessary dose to the patient’s thorax. Imaging in
the sagittal plane and scanning along the craniocaudal
axis could be another viable approach, as long as the
detector is placed along the patient’s median plane so
as not to image both breasts along the same axis.

For the DET comparison, the protocol used in a
prior LCS dual-energy imaging with iodine contrast
paper19 and another study with gadolinium-based con-
trast agents20 was used. The full field of the breast
phantom was illuminated at an energy tuning just below
the iodine K-edge for a single exposure. The energy of
the electron beam was then tuned to create a spectrum
that is above the iodine K-edge and another full-field
exposure was taken.
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REUTERSHAN ET AL. 5

F IGURE 2 (a) Illustration of the SKES configuration. The dashed area represents the blocked regions allowing for separation of energies
above and below the K-edge. A 1-dimensional scan will expose the object to both energies allowing for a KES reconstruction. (b) Rendering of a
physical beam block machined out of tungsten designed for a circular x-ray beam aperture. (c) Visualization of patient/beam interfacing. (d)
Demonstration of scanning via 1-dimensional patient movement through the Compton x-ray beam.

2.2 x-Ray spectra

The methodology of LCS x-ray spectra, x-ray prop-
agation through material, and image generation was
outlined previously20,27 and will be summarized here.
The conventional clinical dual-energy x-ray system
chosen to compare to is the commercially available
Senographe system with SenoBright protocol by GE
Healthcare.28 SpekPy v2.0.829 was used to generate
the x-ray spectra from the conventional system. Param-
eters for the low-energy spectrum are a rhodium target
with a 0.025 mm rhodium filter and tube voltage of
29 kVp, whereas a rhodium target with a 0.4 mm cop-
per filter and tube voltage of 45 kVp is used for the
high-energy spectrum.

General Particle Tracer (GPT)30 was used to sim-
ulate an accelerated electron beam for the LCS. The
acceleration architecture was based on one currently
commissioned for the high-flux, distributed-charge, LCS
developed at Lumitron Technologies, Inc. in Irvine,
California.17,31,32 The electron beam had an emittance
of 0.2 mm mrad and was simulated to the inter-
action point with the laser, and the resulting phase
space was used to calculate the Compton interaction
between the two. This calculation was performed in
Mathematica using a method that has been described
previously.13,33,34 This method takes the individual

macroparticles of the GPT simulation and propagates
them through the focus of a Fourier transform limited
laser beam that is Gaussian in space and time.The scat-
tered energy-intensity distribution of each macroparticle
is then computed and saved. This process is performed
for each macroparticle from the GPT simulation and the
total spectrum is the sum of the individual macropar-
ticle spectra.13 A summary of the electron and laser
beams used in the laser-Compton interaction has been
reported in previous work.20 The Compton spectra used
here had linear polarization and an FWHM BW of 1.1%
ΔE∕E for the DET-mode energy tunings.

For the scanning spectra, a circular annulus exclu-
sion area of the spatially-distributed laser-Compton
spectrum was defined to make a significant separation
between the effective high- and low-energy spectra. A
Bayesian optimization method described previously35

was used to optimize a 6.4% BW laser-Compton spec-
trum for best contrast-to-noise ratio (CNR) in a test
phantom. The test phantom used was the same as in a
previous gadolinium study,20 but with iodine in the place
of gadolinium. Figure 2a shows the 2D Compton inten-
sity profile with the relative exclusion zone. The best
result after 300 iterations was with ri = 1 mrad and ro
= 3 mrad. Other shapes of exclusion zones (e.g. ellip-
tical, rectangular, scanning domain, etc…) have been
investigated by the authors, and it was discovered an
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6 REUTERSHAN ET AL.

elliptical annulus may be best overall, but generally it is
dependent on the imaging scenario and implementation
capabilities of the source and the facility. Such a discus-
sion is beyond the scope of this paper and will be the
subject of a future study.

To maintain source parameters that are used clinically,
the photon flux and fluence used in contrast-enhanced
mammography need to be known, though these values
are not readily obtained from the literature. How-
ever, these values can be determined from reported
experimentally measured air kerma of CEM sys-
tems and the known reported exposure times. Using
reported air kermas of prior dual-energy studies,36,37

the source fluence can be estimated and a value of
4.18 × 109 ph cm−2 was used for all imaging simula-
tions performed in this study. The exposure time for
the low-energy image in CEM is reported to be on the
order of 1 s.11 Using this and the reported air kerma
values, this works out to a flux of 1.55 × 1011 ph s−1

for the low-energy tuning and 4.06 × 1010 ph s−1 for
the high-energy tuning of a clinical CEM system, with
the exposure time for the high-energy tuning to be
longer to accommodate for the lower flux. These flux
values are used for the simulations involving the CEM
source.

2.3 x-Ray propagation and image
generation

The resulting incident scattered photon spectrum was
fed into an in-house x-ray propagation code written in
Matlab. The physical processes modeled included pho-
toelectric absorption, coherent scattering, incoherent
scattering, and pair production. This code has been
verified against Geant4 to be within 0.1% of signal
accuracy and is 27,000× faster making multiple large-
particle-count simulations computationally feasible.20

The x-ray propagation software includes the capability
of simulating detector noise by including user-defined
inputs for the dark, readout, and quantum noises either
in units of digital numbers (DNs) per electron or the
empirical unit DN per incoming photon. The detector
noise profile and efficiency as a function of energy
used in this work match that of the Dexela 1512 flat
panel detector.38,39 This was chosen due to the authors’
familiarity with this particular detector, its success in use
at commissioned LCSs,17,40 and its use as a mammo-
graphic imaging camera,38 however any detector may
be used. For simplicity, it was assumed the detector had
a constant temperature over each exposure and that
the signal response was within the linear regime. The
properties of the detector are summarized in Table 1.
This detector was used for all imaging simulations
performed within this study.

A 0.3-mm carbon anti-scatter grid based on reported
energy-angle filtering simulations41 was applied. An air

TABLE 1 Properties of the Dexela 1512 detector used for the
imaging simulations in this study.38,39

Detector property Value

Scintillator 200 µm CsI

Dark current 6 pA/cm2

Conversion gain 119.6 e−/DN

Read noise 360 e− rms

Abbreviations: CsI, cesium iodide; DN, digital number; rms, root-mean-square.

gap of 1.5 cm between the phantom and detector was
used for all simulations. The source to image distance
for the CEM simulations was 65 cm while for the laser-
Compton simulations was 25 m.The large distance from
the interaction point for the LCS simulations here is
necessary since the natural divergence of the beam is
small on the order of 1–4 mrad. Due to the highly colli-
mated nature of the Compton source,this could allow for
placement of the detector further away from the patient,
thereby reducing noise due to scattering off tissue elim-
inating the need for a grid filter.Since this is not common
in traditional imaging, this was not applied and the same
object-to-detector distance was used in all simulations
for accurate and direct comparisons. The resolution of
the simulations here is 200 µm × 200 µm.

Flat-field/flux correction was applied to each high- and
low-energy exposure image. At this stage, one could
consider the individual exposures of the raw images
before dual-energy reconstruction.Two KES reconstruc-
tion protocols were used. The first is simple subtraction
computed as

KES = LE − HE,

where LE and HE are the flat-field corrected low-energy
and high-energy images, respectively. The second is the
CEM standard weighted log subtraction (wKES),

wKES = − ln(HE) + w ln(LE)

where w is a material-dependent weighting factor
that serves to shift the signal to make the signal
of the surrounding tissue as minimal as possible to
boost the contrast in the reconstructed wKES image.42

While simple subtraction is done with the transmis-
sion images, wKES is a subtraction between absorption
images with a scaling (weighting) factor on one of
the images. For a monoenergetic energy spectrum,
the weighting factor is the ratio of the mass atten-
uation factor, 𝜇∕𝜌, due to the surrounding tissue at
high and low energy, w = (𝜇∕𝜌)HE∕(𝜇∕𝜌)LE.42 For the
polyenergetic bremsstrahlung and quasimonochromatic
Compton spectra used in this study, the weighting
factor was computed using the effective attenuation fac-
tor, (𝜇∕𝜌)eff , for the high- and low-energy exposures,
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REUTERSHAN ET AL. 7

TABLE 2 Properties of the four phantoms used in this study.

BI-RADS classification
Fibroglandular
tissue fraction

Mean
compressed
thickness (cm)

Almost entirely fatty (a) 0.05 4.7

Scattered fibroglandular (b) 0.15 4.2

Heterogeneously dense (c) 0.34 4.2

Extremely dense (d) 0.60 4.2

w = (𝜇∕𝜌)eff
HE∕(𝜇∕𝜌)eff

LE, where

(𝜇∕𝜌)eff =
∫ (𝜇∕𝜌)(E)𝜙(E) dE

∫ 𝜙(E) dE
.

Here, 𝜙 is the integrated spectrum of the x-ray source
as a function of energy, E. Soft tissue was chosen
as the surrounding material to simultaneously capture
the fibroglandular, skin, adipose, and vascular tissues,
and the corresponding attenuations were obtained from
the National Institute of Standards and Technology
(NIST).43 The weighting factors for CEM, DET, and
SKES were determined to be 0.2077, 0.9704, and
0.9685, respectively.

CEM typically includes additional modifications to the
image in the post-processing stage to enhance the con-
trast of the image. Some of these operations include
thresholding,segmentation,nonlinear histogram weight-
ing/equalization, gamma adjustment, and other filters.
These operations apply nonlinear transformations that
are unique to each image thereby rendering any direct
comparison of the contrast difference between the dif-
ferent x-ray sources no longer one-to-one. Therefore,
any additional post-processing beyond flat-field correc-
tion, simple subtraction, or weighted log subtraction was
not performed.

2.4 Breast phantom

The VICTRE breast phantom process was used to gen-
erate the computational phantoms in this study.44 This
was chosen for its anatomical realism, randomization,
inclusion of tumors, and finite element mechanical com-
pression capabilities. Densities and elemental composi-
tions of the materials in the phantoms were obtained
from NIST and elsewhere in the literature.43,45 Four
phantoms were randomized for this study, one of each
BI-RADS density classification. Table 2 summarizes the
glandularity and compression thickness of each of the
phantoms. All phantoms were compressed in cranio-
caudal (CC) view with lexan compression paddles that
remained in the phantom at the x-ray propagation phase.
To improve computational speed, only the portion of the

phantom anterior to the pectoralis muscle was imaged.
This field-of -view is characteristic of a traditional CC
mammogram. Extra air space anterior to the phantoms
was also not imaged to improve computation speed and
memory usage.

Each phantom contained four lesions placed at ran-
domly selected terminal duct lobular units (TDLUs).
These lesions are all identical and contain iodine at
concentrations of 0.1% m (1.02 mg/cc) and 0.5% m
(5.1 mg/cc). The lower concentration represents a
weakly enhancing tumor while the higher concentration
represents a strongly enhancing one. These concentra-
tions were determined from reported areal density of
iodine contrast in various breast lesions in the literature
and calculated for tumors 0.5–2 cm in size.46

The four randomly generated breast phantoms are
presented in Figure 3 with their respective density clas-
sifications. The placement algorithm for lesion insertion
of the VICTRE phantom protocol happened to favor
anterior placement of tumors in these phantoms, espe-
cially for the primarily fatty phantom. This is considered
acceptable for this proof-of -principle study, though in the
future, placement randomization should be weighted to
the lesion distribution that is observed in the population.
As for general morphology, the less fibroglandular tis-
sue present in the phantom, the larger the phantom size,
resulting in variable path lengths following finite element
compression (see Table 2).

2.5 Dose determination and contrast
metrics

Calculation of mean glandular dose (MGD) for each
phantom/source combination was performed by means
of Monte Carlo simulations using TOPAS version 3.9.47

TOPAS is a wrapper and extender of the Monte Carlo
software Geant4 which has been validated for MGD
calculations and general dosimetry extensively in the
literature.48–51 The dose for both high- and low-energy
exposures were simulated. Ten million photons were
used in each of these simulations and the total dose
per photon to the glandular tissue was scored. Each
simulated exposure was repeated 10 times.

Two image quality metrics were used in this analysis.
The CNR of the KES image is defined by

CNR =
𝜇t − 𝜇s√
𝜎2

t + 𝜎2
s

,

where 𝜇 is the mean signal and 𝜎2 is the variance of the
signal. The subscripts t and s represent the tumor and
the surrounding tissue, respectively. Here, the surround-
ing tissue is a circular annulus around the lesion of equal
area as the lesion. The relative contrast ratio (RCR),20

also known as the Weber contrast,52 of the KES image
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8 REUTERSHAN ET AL.

F IGURE 3 Graphical summary of breast phantoms used in this study including their morphology, distribution of fibroglandular tissue, and
tumor/lesion placement.

is defined by

RCR =
||||
𝜇t − 𝜇s

𝜇s

||||.

These two contrast metrics were averaged over the
four lesions and reported as a single value.

Since the MGD is an important measure that con-
tributes to both the image quality and the safety
limitations of the study, both contrast metrics were
normalized to the dose. Explicitly, these definitions are
CNRD = CNR/MGD and RCRD = RCR/MGD. Also
included in this analysis is the figure-of -merit (FOM)
that has been used most often in mammographic
imaging, which is the ratio of the square of the CNR
to the MGD, FOM = CNR2/MGD. The inverse metrics
are also important (DCNR = MGD/CNR and DRCR =
MGD/RCR), as they paint the data from the perspective
of dose reduction instead of contrast enhancement.The
ratio of these metrics to a clinical dual-energy image
gives insight into an increase (ratio > 1) or a decrease
(ratio < 1) compared to what is currently available today.
These metrics are defined as,20

rCNRD =
CNRDLCS

CNRDCEM
, rRCRD =

RCRDLCS

RCRDCEM

& rFOM =
FOMLCS

FOMCEM

where the subscript LCS refers to either DET or SKES
and the subscript CEM refers to the conventional
dual-energy bremsstrahlung tube source. These quan-
tities were determined for both simple subtraction and
weighted log subtraction reconstruction methods.

3 RESULTS

The integrated spectra of each of the sources are
presented in Figure 4. The conventional dual-energy
mammography source spectra are broad in bandwidth
and have mean energies significantly far in energy from
the K-edge. The flux of the high-energy spectrum is
about 26% of the low-energy one. Both LCS spectra
have much narrower BWs near the iodine K-edge. The
FWHM BWs for both the high-energy and low-energy
tunings of the DET spectra are 1.1% and each has an
equal total flux. For SKES the total BW for the high-
energy spectrum was 0.5% and 2.6% for the low-energy
one, making an average of 1.6% BW across the two.
The low-energy spectrum for SKES had an effective
flux that is 80% of the high-energy spectrum.

For SKES, the scanning exposure protocol leads to
variation in flux and effective spectra that the phantom
is exposed to in the dimension orthogonal to and in the
plane of the scanning dimension. To see this, Figure 5
plots spectra at constant 𝜃y . There is little variation in
the BW for both high- and low-energy spectra across
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REUTERSHAN ET AL. 9

F IGURE 4 Comparison of spectra between the three methods
investigated in this study and their proximity to the iodine K-edge. The
spectra are normalized to peak intensity for each respective x-ray
source.

varying 𝜃y . The flux of the high-energy spectrum varies
the most normal to the scanning dimension, having the
highest flux directly on-axis and decreasing flux moving
away from the center.

A comparison of the MGD between each phantom
and spectra/imaging methods is summarized in Table 3.
The MGD using a CEM spectrum is within the range
reported experimentally in the clinical literature.37 In

TABLE 3 Mean glandular dose for different spectrum/phantom
combinations.

Spectrum Phantom Energy MGD (mGy)
Combined
MGD (mGy)

CEM D HE 0.9509 ± 0.0010 2.6826

LE 1.7317 ± 0.0009

HD HE 0.8812 ± 0.0010 2.3098

LE 1.4286 ± 0.0010

SF HE 0.8893 ± 0.0014 2.1794

LE 1.2901 ± 0.0016

F HE 0.9340 ± 0.0026 2.2086

LE 1.2746 ± 0.0023

DET D HE 1.0320 ± 0.0007 2.0989

LE 1.0669 ± 0.0015

HD HE 0.9514 ± 0.0013 1.9307

LE 0.9793 ± 0.0013

SF HE 0.9547 ± 0.0015 1.9340

LE 0.9793 ± 0.0020

F HE 0.9965 ± 0.0024 2.0171

LE 1.0206 ± 0.0025

SKES D HE 1.0430 ± 0.0018 2.1207

LE 1.0777 ± 0.0007

HD HE 0.9605 ± 0.0019 1.9462

LE 0.9857 ± 0.0014

SF HE 0.9597 ± 0.0011 1.9473

LE 0.9876 ± 0.0015

F HE 1.0050 ± 0.0014 2.0335

LE 1.0285 ± 0.0022

Note: A photon fluence of 4.18 × 109 ph cm−2 was used for all studies. A total
of 10 simulations were performed for each dose determination with the mean
MGD ± the standard deviation given.
Abbreviations: CEM, contrast-enhanced mammography; D, dense; DET, direct
energy tuning method; F, fatty; HE, high energy; HD, heterogeneously dense;
LE, low energy; MGD, mean glandular dose; SF, scattered fibroglandular; SKES,
scanning K-edge subtraction.

general, the denser phantoms had a higher MGD than
the less dense ones. This trend is broken in the fatty
phantom that had a higher dose than the heteroge-
neously dense and scattered fibroglandular phantoms.
The dense phantom had the highest dose overall for
every imaging method investigated here. The dose
between the direct energy tuning and SKES methods is
approximately the same. There is a very minor (<0.5%)
increase in dose from SKES compared to DET.The LCS
spectra provide around a 20% dose decrease compared
to the current clinically implemented modality across
the board.

A demonstration of the KES reconstruction from high-
energy and low-energy exposures is shown for the case
with low-enhancing tumors in the dense phantom is
shown in Figure 6. Figure 7 shows a graphical sum-
mary of the simulation results with the reconstructed
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10 REUTERSHAN ET AL.

F IGURE 5 Illustration of spectral variation in the dimension normal to the scanning dimension. The low-energy spectrum has little variation
while the high-energy spectrum changes more in flux than it does in bandwidth.

dual-energy images using simple subtraction for the
three different modalities investigated in this study. Low-
enhancing tumors are not easily seen using CEM
sources, but they are easily identifiable using an LCS
in both direct energy tuning and scanning modes. The
tumors are identifiable in every source type if they are
strongly enhancing ([I] = 5.1 mg/cc), highlighting the
usefulness of clinical contrast-enhanced mammogra-
phy. In this strongly enhancing case,both LCS modalities
have a much larger contrast compared to the con-
ventional dual-energy source making the tumors much
more identifiable.In both concentrations of iodine shown
in the figure, the two LCS modalities have compara-
ble enhancement. The scanning configuration resulted
in vertical artifacts in the scanning dimension with
increasing noise moving posteriorly or anteriorly from
the centroid of the phantom.

Two contrast metrics were used to analyze image
quality and detectability of tumors between the three
modalities investigated and are defined above. The
average RCR, CNR, and FOM of the four tumors in
each scenario using simple subtraction reconstruction
are presented in Table 4. In CEM, the dense phan-
tom had the worst relative contrast. Comparing the two
LCS methods, DET had higher RCR but lower CNR
than SKES for every phantom. Both LCS methods had
markedly larger RCR (25×–32×), larger CNR (2×–3×),
and larger FOM (6×–16×) compared to CEM. Between

the two concentrations of iodine contrast, there is an
observed ∼5× increase in RCR for both LCS methods
and<5× for CEM.For CNR,there is a 2–3 times increase
for every modality increasing the iodine concentration
from 1.02 mg/cc to 5.1 mg/cc. Similarly, all three imag-
ing modalities had an approximate 6–7× increase in
FOM when increasing the iodine concentration from low
to high.

The data presented in Table 5 shows the comparison
of the dose-normalized metrics between DET/SKES
and CEM by taking their ratios. When accounting for
both the contrast increase and dose decrease provided
by the two LCS methods simultaneously, LCS can pro-
vide a >60x improvement compared to CEM.The RCRD
improvement for both LCS methods is greater for more
dense phantoms compared to less dense ones. RCRD
saw a greater increase for DET, while CNRD had a
10%–30 % greater increase in the scanning configura-
tion when comparing dense to fatty phantoms.A greater
concentration of iodine contrast, in general, resulted in
larger rRCRD, rCNRD, and rFOM.

A comparative analysis using the weighted log sub-
traction for KES reconstruction was also performed.
Figure 8 shows the graphical summary using this
reconstruction method, and the corresponding image
quality and dose metrics are shown in Tables 6 and 7.
The trends in RCR and CNR were relatively the same
for the weighted reconstruction as compared to the
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REUTERSHAN ET AL. 11

F IGURE 6 Single energy images (HE/LE) along with combined KES images for the dense phantom simulations with 1.02 mg/cc iodine
tumors under simple subtraction reconstruction (KES) and weighted log subtraction reconstruction (wKES). The only post-processing applied to
the single exposure HE/LE images was flat-field correction. HE, high energy; KES, K-edge subtraction; LE, low energy.

simple subtraction reconstruction. CNRs were mostly
unchanged when using weighted log subtraction com-
pared to simple subtraction, with a variation between
1% and 10% observed. Similarly, the FOMs saw small
variations compared to simple subtraction. When using
weighted log subtraction, RCRs for CEM decreased
by 15× when compared to simple subtraction. The
RCRs for DET and SKES also decreased but by larger
amounts,approximately 30× for DET and 20× for SKES.

The use of weighted subtraction had concomitant
changes in the dose-normalized contrast metrics as
seen in Table 7 when compared to Table 5. rCNRD saw
only a slight decrease in the weighted log subtraction
reconstruction vs the simple subtraction reconstruc-

tion, as expected with the only minor changes in CNR.
rRCRD had the largest changes with DET losing about
half of the improvement over CEM, but remains up
to 28× improvement in dose-normalized contrast com-
pared to CEM. Similarly, SKES lost between 25% and
35% rRCRD when using weighted log subtraction as
opposed to simple subtraction, though it remains up to
30× better than CEM. The FOM for SKES was on the
order of 10x larger than CEM, while DET had a 7–9×
increase over CEM.

Looking at Figure 8, there are noticeable differences
and similarities when comparing to the simple sub-
traction images in Figure 7. The detectability of the
lesions was not changed when using weighted log
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12 REUTERSHAN ET AL.

F IGURE 7 Summary of KES images for each phantom and x-ray source investigated for two different lesion concentrations of iodine
contrast using simple subtraction reconstruction. Each image has been normalized to have unity peak value. KES, K-edge subtraction.
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REUTERSHAN ET AL. 13

TABLE 4 Relative contrast ratios, contrast-to-noise ratios, and figures-of -merit of each spectrum/phantom combination for the simple
subtraction reconstruction method.

CEM DET SKES
Phantom RCR CNR FOM RCR CNR FOM RCR CNR FOM

[I] = 1.02 mg/cc (0.1%m)
D 0.018 1.255 0.587 0.584 2.871 3.926 0.455 3.743 6.612

HD 0.021 0.860 0.320 0.502 2.649 3.637 0.416 3.149 5.101

SF 0.024 0.834 0.319 0.477 2.478 3.185 0.392 2.757 3.907

F 0.027 1.066 0.514 0.483 2.400 2.859 0.416 2.534 3.163
[I] = 5.1 mg/cc (0.5%m)
D 0.058 3.402 4.314 2.870 7.203 24.72 2.221 8.093 30.91

HD 0.059 2.218 2.129 2.452 7.261 27.32 2.015 8.116 33.88

SF 0.062 2.005 1.841 2.338 7.171 26.66 1.930 7.647 30.05

F 0.064 2.242 2.273 2.406 7.087 24.93 2.061 7.303 26.26

Note: Values are averaged across all 4 lesions within each phantom.
Abbreviations: CEM, contrast-enhanced mammography; CNR, contrast-to-noise ratio; D, dense; DET, direct energy tuning method; F, fatty; FOM, figure-of -merit; HD,
heterogeneously dense; MGD, mean glandular dose; RCR, relative contrast ratio; SF, scattered fibroglandular; SKES, scanning K-edge subtraction.

TABLE 5 Summary of dose-normalized contrast metrics relative
to the CEM spectrum for the simple subtraction reconstruction
method.

DET SKES
Phantom rRCRD rCNRD rFOM rRCRD rCNRD rFOM

[I] = 1.02 mg/cc (0.1%m)
D 40.4 2.92 6.69 31.2 3.78 11.3

HD 28.7 3.69 11.4 23.7 4.35 15.9

SF 22.4 3.36 9.99 18.2 3.71 12.3

F 19.9 2.47 5.56 17.0 2.59 6.15
[I] = 5.1 mg/cc (0.5%m)
D 63.4 2.71 5.73 48.6 3.01 7.17

HD 49.4 3.92 12.8 40.3 4.35 15.9

SF 42.8 4.05 14.5 35.0 4.28 16.3

F 41.2 3.47 11.0 35.0 3.55 11.6

Abbreviations: CEM, contrast-enhanced mammography; CNR, contrast-to-noise
ratio; D, dense; DET, direct energy tuning method; F, fatty; FOM, figure-of -merit;
HE, high energy; HD, heterogeneously dense; RCR, relative contrast ratio; SF,
scattered fibroglandular; SKES, scanning K-edge subtraction.

subtraction as the 1.02 mg/cc iodine lesions are still not
as detectable in CEM as they are in DET and SKES.
Because these images are now log-transformed, the
background air around the phantom no longer has a
value near zero for both the LCS methods. However, the
signal difference between the background tissue and
background air has decreased for weighted log sub-
traction, providing an image that is perceptively high in
contrast to the human observer, especially for the high
iodine concentration simulations.

4 DISCUSSION

CEM was not able to reliably identify low-enhancing
tumors ([I] = 1.02 mg/cc). Moreover, CEM had worse

contrast in more dense phantoms compared to the less
dense ones. This paints the clinical reality where mam-
mograms of patients with dense breasts have lower
diagnostic power. Laser-Compton scattering, on the
other hand, in both DET and scanning configurations,
is easily able to detect both low-enhancing lesions and
lesions within dense phantoms all while depositing less
glandular dose. In fact, in the phantoms simulated in
this study, both LCS configurations had generally higher
RCR, CNR, and FOM for denser phantoms than less
dense ones. These results further indicate that LCSs
can be a solution to improve mammography in the
at-risk population.

The broad bandwidths of the CEM spectra limit the
concentration of iodine that is visible upon KES. Ideally,
to obtain the most contrast, two monoenergetic spec-
tra with one just above and another just below the
K-edge of the contrast element would be used. Such an
ideal scenario is currently not possible using traditional
x-ray tubes. LCSs provide the tunability and narrow
bandwidths to enhance this contrast allowing for much
smaller concentrations of iodine, and therefore weakly
enhancing tumors, to be more easily identified.

A concomitant feature of having narrow bandwidths
close in energy is the improvement in background
subtraction. This is because the linear attenuation of
material becomes closer to constant as the effective
energy of spectra gets closer together. Combined with
an increasing ratio of attenuation due to the contrast
agent’s K-edge gives a stronger contrast. However,
complete removal of the background, as is observed in
DET and SKES in Figures 6 and 7, may not be clinically
desirable since anatomical insight from surrounding
structures could provide useful information to the clin-
ician. It is conceivable, that in a DET configuration,
one could obtain a third image that has x-ray energy
tuned to the characteristic K𝛼 energy of rhodium or
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14 REUTERSHAN ET AL.

F IGURE 8 Summary of wKES images for each phantom and x-ray source investigated for two different lesion concentrations of iodine
contrast using weighted log subtraction reconstruction. Each image has been normalized to have unity peak value. KES, K-edge subtraction.
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REUTERSHAN ET AL. 15

TABLE 6 Relative contrast ratios, contrast-to-noise ratios, and figures-of -merit of each spectrum/phantom combination for the weighted log
subtraction reconstruction method.

CEM DET SKES
Phantom RCR CNR FOM RCR CNR FOM RCR CNR FOM

[I] = 1.02 mg/cc (0.1%m)
D 0.00120 1.219 0.554 0.0170 2.915 4.049 0.0193 3.340 5.266

HD 0.00138 1.008 0.440 0.0165 2.718 3.829 0.0192 2.881 4.268

SF 0.00150 0.993 0.373 0.0149 2.372 2.918 0.0176 2.602 3.478

F 0.00155 0.992 0.445 0.0150 2.534 3.186 0.0177 2.388 2.809
[I] = 5.1 mg/cc (0.5%m)
D 0.00423 3.606 4.848 0.0930 6.894 22.64 0.1065 7.630 27.48

HD 0.00440 2.690 3.131 0.0880 7.135 26.38 0.1045 7.612 29.81

SF 0.00455 2.419 2.682 0.0845 7.002 25.42 0.1005 7.467 28.64

F 0.00454 2.443 2.699 0.0827 6.914 23.72 0.0992 7.381 26.83

Note: Values are averaged across all 4 lesions within each phantom.
Abbreviations: CEM, contrast-enhanced mammography; CNR, contrast-to-noise ratio; D, dense; DET, direct energy tuning method; F, fatty; FOM, figure-of -merit; HE,
high energy; HD, heterogeneously dense; RCR, relative contrast ratio; SF, scattered fibroglandular; SKES, scanning K-edge subtraction.

TABLE 7 Summary of dose-normalized contrast metrics relative
to the CEM spectrum for the weighted log subtraction reconstruction
method.

DET SKES
Phantom rRCRD rCNRD rFOM rRCRD rCNRD rFOM

[I] = 1.02 mg/cc (0.1%m)
D 18.0 3.06 7.31 20.3 3.47 9.51

HD 14.3 3.23 8.70 16.5 3.40 9.70

SF 11.3 2.97 7.82 13.2 3.23 9.32

F 10.6 2.80 7.15 12.5 2.62 6.31
[I] = 5.1 mg/cc (0.5%m)
D 28.1 2.44 4.67 31.8 2.68 5.67

HD 24.0 3.18 8.42 28.2 3.36 9.52

SF 21.5 3.28 9.48 25.3 3.46 10.7

F 20.0 3.11 8.79 23.8 3.29 9.94

Abbreviations: CEM, contrast-enhanced mammography; CNR, contrast-to-noise
ratio; D, dense; DET, direct energy tuning method; F, fatty; FOM, figure-of -merit;
HE, high energy; HD, heterogeneously dense; RCR, relative contrast ratio; SF,
scattered fibroglandular; SKES, scanning K-edge subtraction.

molybdenum to obtain a traditional mammographic
image. Since this source will contain only that energy
and no other lower energies typically generated from the
bremsstrahlung process, such a mammographic image
will be lower in dose, higher in resolution, and better
in contrast than one from a traditional x-ray tube. In a
scanning configuration, the traditional mammographic
image may be obtained by using a larger viewing angle
of the x-rays and selecting a third region with lower
energy x-rays to generate the mammographic image.
A KES image can then be superimposed on top of the
traditional mammographic image all with less dose than
a traditional single view mammogram.

The variability in flux in the direction normal to scan-
ning leads to noise variation observed in the SKES
images. At these energies of Compton scattering

(∼30 keV), the flux variation can be up to 25% (see
Figure 1c). A horizontal polarization mode was used
for this study to reduce this variation to < 8%, yet this
difference in flux still results in a noticeable increase
in noise on the edges of the image. Furthermore, in
the SKES images, this flux variation resulted in linear
artifacts in the medial-to-lateral scanning dimension
that remained even after flat-field correction. These arti-
facts can be mitigated through other post-processing
techniques, similar to ring artifacts in computed tomog-
raphy. Despite these potential drawbacks, the image
quality of SKES was superior to that of CEM.

The narrow-bandwidth LCS has an observed
decrease in dose compared to the broad-bandwidth
conventional source. The decrease is primarily due to
elimination of low-energy photons that are present in
the low-energy rhodium-filtered spectrum in the CEM
source. These low-energy photons, especially those
10 keV and below, rarely penetrate the phantom and
induce scintillation in the detector after passing through
material. These photons act to only increase dose as
they rarely contribute to the statistics of the image. The
minute increase in dose (<0.5%) from SKES compared
to DET is due to its broader bandwidth effective low-
energy spectrum introducing lower energies that tend to
deposit more dose. Regardless of this minute increase,
the doses between DET and SKES for all phantoms are
approximately the same since the mean energies and
energy bandwidths of the spectra are very similar. As
a general trend across all phantoms, the high-energy
exposure deposits less dose than the low-energy expo-
sure. This is attributable to the known decrease in dose
with increasing x-ray energy within the energy range of
this study. The difference in dose between high and low
energies is more prominent for CEM than the two LCS
modalities, explained by the difference in mean energy.
For CEM, the mean energies of high- and low-energy
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exposures are 36.5 and 17.7 keV, respectively, making
a difference of 18.8 keV. For DET, the mean energy for
high- and low-energy exposures respectively are 33.5
and 32.8 keV, and for SKES the values respectively are
33.3 and 32.5 keV. For the LCS modalities, this makes
a difference in energy of only 0.7 keV for DET and
0.8 keV for SKES, thereby explaining the similarity in
dose between these two methods.

In general, for biological material, the dose per trans-
mitted photon decreases until a minimum around of
60–70 keV until it starts increasing again.20 For this
reason, KES using LCSs, in either direct energy tuning
or scanning modes, would improve if contrast agents
with K-edge energies within range of this minimum were
used. Currently, only iodine and gadolinium have been
considered since both of those contrast agents are used
clinically. Iodine has the advantage of greater tumor
uptake of the contrast, however, gadolinium has signif-
icantly lower rates of adverse effects and a lower risk
of severe reactions.53,54 Gadolinium also has a K-edge
that is closer to the dose minimum (50.2 keV) making
it more dose-favorable for KES. If tunable and narrow-
bandwidth sources like LCSs become a standard in
clinical radiography, it may be useful to design contrast
agents that take advantage of the dose minimization
and contrast enhancement properties enabled by them.
Additionally, if higher energy contrast agents are used,
this could enable the implementation of KES mam-
mography without compression due to lower tissue
attenuation of x-rays at higher energies. In fact, it was
shown previously in a computational study that KES
performs better in thicker phantoms.55

Both DET and SKES are able to detect lesion con-
trast uptake that was not detectable using a CEM source.
Tumors that CEM can detect have higher contrast using
LCS methods.The improvement is quantifiably drastic in
both relative contrast and metrics that include the noise,
like contrast-to-noise.

When comparing contrast metrics under simple sub-
traction reconstruction, it is observed that SKES has
a larger CNR yet lower RCR compared to DET. This
can be explained by the effective spectra between the
two configurations. The DET spectra are less vary-
ing, meaning they have similar profiles and the same
fluxes but different energies. The capability to tune
the source to the desired energies allows for better
background subtraction and contrast enhancement
leading to a larger RCR, and since the background
subtraction is closer to zero, the noise tends to be more
variable due to this signal floor. The variability in the
SKES spectrum results in slightly less relative contrast.
Concomitantly, the background subtraction is not as
close to zero in this case leading to a smaller vari-
ance in signal (i.e. noise) and thus having better CNR
compared to DET. It is possible to have an alternative
objective for Bayesian optimization, one that maintains
equal bandwidth for the high-energy and low-energy

effective spectra as opposed to one that maintains total
bandwidth to within some tolerance to close this gap
in contrast and noise to make the two methods even
more equivalent. Ultimately, in the configuration studied
here, the two methods are indeed comparable to one
another.

It is observed that rRCRD had the most improvement
for denser phantoms compared to ones with a high frac-
tion of adipose tissue. This is likely due to the fact that
CEM has a difficult time detecting tumors which noto-
riously hide within dense fibroglandular regions of the
breast tissue. As such, there is a larger improvement
when moving to a LCS. For these dense phantoms, the
improvement can be greater than 60× in the DET mode
or nearly 50× in SKES. This means that laser-Compton
scattering KES can produce an image with the same
contrast as a CEM image with only 1.7% of the dose
in DET mode, or 2% of the dose in scanning mode
under the approximation of linearity upon inversion of
the metric. As such, this has the potential to extend the
clinical benefit to the entire population, including imaging
of other organs, not just in mammography.

When performing KES imaging the subtraction oper-
ation is detrimental for two reasons: (1) it lowers the
effective signal, and (2) the statistical noise is still
additive. Thus, to get KES imaging to work, one needs
to maximize the relative difference in signal within the
zone of contrast uptake so that sufficient signal remains
following the subtraction operation. In terms of x-ray
sources, this naturally leads to a tunable and narrow
bandwidth solution that LCS offers.

The industry standard weighted log subtraction recon-
struction was also employed in this study. The weighting
factors for the two LCS methods, DET (w = 0.9704)
and SKES (w = 0.9685) are similar in value since their
respective high- and low-energy x-ray spectra are close
in mean energy and energy bandwidth. Moreover, their
weighting factors are close to unity since the differ-
ence in mean energy is small between the high- and
low-energy exposures within each modality. A weighting
factor equal to 1 would mean the two tunings have the
same energy and the background tissue will be perfectly
subtracted. Comparing the intensity of the backgrounds
between CEM and the two LCS methods in Figure 8, it is
observed DET and SKES have significantly better back-
ground subtraction than CEM even with the use of the
weighting factor.

When analyzing the relative contrast ratio metrics
using weighted log subtraction, the best improvement
seen for strong enhancing tumors in DET decreases
from over 60× to under 30×, and from almost 50× in
SKES to just over 30×. This change is attributable to the
weighted subtraction operation. The numerical effect of
the weighting factor is to proportionally shift the baseline
to an alternative value with the goal of making the sur-
rounding tissue subtract closer to zero. Since the signal
is shifted, the RCR metric is affected as it is a ratio of
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signals. CNR, on the other hand, only has a difference
of signal, so this quantity is less affected as is observed
in Table 6.The net result is rCNRD also does not change
substantially.Although rCNRD changed minimally, rFOM
did have somewhat of a decrease using weighted log
subtraction compared to simple subtraction due to the
compounding effect squaring the CNR has within the
definition of the FOM. Regardless, when using weighted
subtraction, the contrast boost remains high, and one
could obtain an image in SKES or DET at about 3% of
the dose of CEM at the same relative contrast as CEM.

DET can require large distances to get full-field expo-
sure. For example, using the 4-mrad half -angle in this
study, to get a 20-cm field coverage, a source-to-object
distance of 25 m would be required. In a scanning
configuration, on the other hand, one could use a larger
half -angle beam and place blocks at the appropriate
regions to obtain the effective dual monochromatic
energies. This allows for a larger field of view and
permitting patient placement closer to the source. An
alternative way to overcome the distance limitation is
to implement a 2D pencil beam scanning procedure.
The authors investigated this, and the image quality of
a KES image is again comparable to the DET and 1D
scanning modalities. The trade-off of a 2D scanning
approach is additional movements can lead to more
blurring artifacts in the image.

5 CONCLUSION

This study looked at the feasibility of a scanning orien-
tation in LCS, contrast-based, dual-energy imaging, and
compared it to direct energy tuning of LCS and a cur-
rent clinically used source. The detectability of tumors
in scanning KES with an LCS is significantly improved
compared to CEM sources and is comparable to DET.
Quantifiably, this improvement is up to 31.8 times in the
dose-normalized contrast metric, rRCRD, when using
the standard weighted log subtraction reconstruction.
Inverting this metric under the assumption of linearity
shows that a scanning KES image with equal contrast
to a CEM image can be obtained with only 3% of the
dose. Moreover, the capability to identify tumors even in
patients with dense breast tissue can help satisfy the
need to improve mammography for this patient demo-
graphic. Since a similar image can be obtained in a
scanning configuration as in a direct energy tuning one,
a LCS would only need to run at a single energy tun-
ing instead of making time-consuming alterations to the
electron beam parameters between exposures. A scan-
ning configuration would thus make clinical translation
of LCSs for K-edge subtraction imaging more viable.
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